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ABSTRACT
Prior exposure to moderate-level acoustic stimulation 
(conditioning) can reduce and/or prevent the deleterious 
effects of subsequent higher level exposures (Canlon et 
a l ., 1988; Campo et al., 1991). Both continuous and 
interrupted schedules of moderate-level noise have been 
used as conditioning exposures, and both schedules have 
been effective in providing protection against subsequent 
noise trauma. However, there is evidence to suggest that 
continuous noise exposures are more damaging to the cochlea 
than interrupted exposures of equal acoustic energy (Bohne 
et a l ., 1985, 1987), and moderate-level continuous and 
interrupted noise exposures differ in the pattern of 
auditory sensitivity change that they produce over time 
(Carder and Miller, 1972; Miller et a l ., 1963). A question 
arises as to whether there are differences in the amount of 
protection afforded by prior conditioning of the auditory 
system with moderate-level continuous or interrupted noise.
The purpose of this study was to test the hypothesis 
that differences exist in the amount of protection provided 
by prior sound conditioning with continuous vs. 
interrupted, moderate-level noise. Differences were 
determined by monitoring the changes that occurred in 
distortion product otoacoustic emission amplitude growth 
functions subsequent to a traumatizing noise exposure in 
guinea pigs which had been conditioned with either 
continuous or interrupted noise of equal acoustic energy.
xiii
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Results suggest that there are significant differences 
in the degree of protection provided by prior sound 
conditioning with the continuous and interrupted schedules 
of moderate-level noise used in this study. Specifically, 
the interrupted conditioning protocol appears to afford 
some degree of protection against the damaging effects of 
the traumatizing noise exposure. However, the frequency 
region that is protected is limited to frequencies above 
the noise exposure band. Conversely, there is a lack of 
any consistent and sizable protective effect found across 
the entire test frequency range for the continuous sound 
conditioning protocol. Given the disparate findings of 
this and other studies, it appears that the protective role 
of sound conditioning with moderate-level noise is not a 
straightforward phenomenon and is highly dependent on the 
noise exposure conditions, animal species, and response 
measurements studied.
xiv
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CHAPTER 1 
INTRODUCTION
Noise-induced hearing loss is a public health problem 
that has been listed among the top ten work-related 
diseases/injuries by the Center for Disease Control (1983). 
The Environmental Protection Agency (1981) estimated that 
nine million Americans were exposed to levels of noise at 
their work place which put them at risk for noise-induced 
hearing loss. In all probability this number has grown 
larger since that time. However, the existence of large 
individual differences in susceptibility to noise exposure 
has not only made it difficult to understand the basic 
mechanisms of noise-induced hearing loss, but has also made 
it difficult to effectively implement hearing conservation 
programs in the workplace.
Not all individuals exposed to similar noise 
conditions incur equal damage or hearing loss. There are 
several factors, both nonauditory and auditory, that have 
been suggested as influences on an individual's 
susceptibility to noise-induced hearing loss. Nonauditory 
factors include age (Szanto and Ionescu, 1983; Mills,
1992), gender (Szanto and Ionescu, 1983), eye color (Carlin 
and McCrosky, 1980; Carter, 1980; Kleinstein et al ., 1984; 
Barrenas and Lindgren, 1990; Barrenas and Hellstrom, 1996), 
and smoking history (Barone et a l ., 1987; Prince and 
Matanoski, 1991). Also, the use of ototoxic drugs 
(McFadden and Plattsmier, 1983; McFadden, 1986; Gratton et
1
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al., 1990) has been shown to exacerbate the effects of 
noise exposure. Auditory factors include the efficiency or 
attenuation characteristics of the acoustic reflex 
(Zakrisson et a l ., 1980; Borg and Nilsson, 1984; Rodriguez 
and Gerhardt, 1988;), activation of the medial cochlear 
efferent system (Cody and Johnstone, 1982; Puel et a l ., 
1988b; Rajan, 1992), and an individual's previous noise 
exposure history (Miller et a l ., 1963; Clark et a l ., 1987).
In recent years, considerable attention has been given 
to the idea that susceptibility of the auditory system to 
noise-induced hearing loss may be lessened by an 
individual's previous history of noise exposure. Prior 
exposures to moderate-level acoustic stimulation (i.e., 
conditioning) can reduce (and in some instances prevent) 
the deleterious effects of subsequent higher level (and 
usually damaging) exposures (Canlon et al. , 1988, 1992; 
Campo et al., 1991; Henderson et a l ., 1992; Ryan et a l .,
19 94). Both continuous and interrupted schedules of 
moderate-level noise have been used as conditioning 
exposures, and both schedules have been effective in 
providing protection against subsequent noise trauma.
Under most conditions, prevention of noise-induced 
hearing loss is best achieved either by controlling the 
level and duration of the noise exposure or by consistent 
and proper use of hearing protection. However, there are 
certain occupational situations wherein either of these 
alternatives is impractical. In such cases, it would be of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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great benefit to establish a protocol which incorporates 
the prophylactic use of low-to-moderate level noise for the 
prevention of noise-induced hearing loss.
It is currently unknown whether there are differences 
in the amount of protection afforded by prior conditioning 
of the auditory system with either a moderate-level 
continuous or interrupted noise exposure schedule. Thus, 
the purpose of this study is to test the hypothesis that 
differences exist in the amount of protection provided by 
prior sound conditioning with continuous versus interrupted 
moderate-level noise. The results of this study will help 
determine the better sound conditioning protocol to use in 
clinical situations and add to the pre-existing body of 
knowledge concerning this type of protective phenomenon.
The differences in protective effect of the two 
conditioning schedules were determined by monitoring 
changes that occur in distortion product otoacoustic 
emission (DPOAE) amplitude growth functions after a 
subsequent higher level (traumatizing) exposure in guinea 
pigs (Cavia cobaya) that had been conditioned with either 
continuous or interrupted noise. Both conditioning 
exposure schedules had the same total acoustic energy 
consistent with the Equal Energy Hypothesis (EEH; Eldred et 
al., 1955). This equal energy requirement was considered 
important in the design of the study because it yielded 
noise exposures that differed only in their temporal 
pattern.
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CHAPTER 2 
BACKGROUND
This chapter provides a general overview of the 
effects of noise on the structure and function of the 
cochlea, focusing primarily on the effects of continuous 
vs. interrupted noise exposures. This is followed by an in 
depth review of the literature discussing the protective 
role of prior, moderate-level noise exposures 
(conditioning) against subsequent damaging exposures and 
the possible physiological mechanisms responsible for this 
protective phenomenon. Finally, two concepts relevant to 
the design of this study -- distortion-product otoacoustic 
emissions (DPOAEs) and the Equal Energy Hypothesis (EEH) -- 
are discussed.
2.1 Noise Exposure - General Overview
Noise exposure induces several alterations in 
structure and function throughout the cochlea (Saunders et 
a l ., 1985, 1991). The outer hair cells (OHCs) represent 
the cochlear components that are initially and most 
critically compromised by acoustic overstimulation (Clark 
and Bohne, 1978). Both mechanical and/or metabolic 
processes have been suggested as the mechanisms responsible 
for OHC damage in response to noise exposure (Lim and Dunn, 
1979). Mechanically-induced damage usually has a very 
rapid onset due to extreme movements of the cochlear 
partition in response to intense sound. Metabolically- 
induced damage, on the other hand, has a more gradual
4
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onset, usually in response to long-term, low-to-moderate 
level exposures. Cellular processes which are important 
for energy production, protein synthesis, and ion transport 
are compromised under conditions of excessive sound 
stimulation resulting in an eventual lack of cell 
maintenance and possible cell death.
The magnitude of OHC damage differs depending on the 
exposure conditions of the noise (i.e., frequency, level, 
and duration) and appears to be species-specific (Hamernik 
et al., 1984). In general, low-to-moderate level exposures 
of short durations result in an increase in the amount of 
smooth endoplasmic reticulum within OHCs (Engstrom et al ., 
1970; Ward and Duvall, 1971) and disorganized proliferation 
of the subsurface cisternae and Hensen's bodies (Slepecky 
et al . , 1982) . These exposure-induced effects appear to be 
temporary and involved structures return to normal after a 
sufficient period of recovery. When more severe stress is 
placed on the auditory system by increasing the intensity 
and/or duration of the exposure, more permanent structural 
alterations within the OHCs occur. These include 
vacuolation or vesiculation of the endoplasmic reticulum 
(Lim and Dunn, 1979), swelling of the mitochondria (Ward 
and Duvall, 1971; Lim and Dunn, 1979), an increase in the 
number of lysosomes just below the basal body (Slepecky et 
al. , 1982), and an increase in lipofuscin granules 
(Engstrom and Engstrom, 197 9) . Swelling of the OHCs and 
their nuclei may also take place (Liberman and Kiang,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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1978). There is an overall increase in the number of 
missing OHCs under such conditions.
The stereocilia of the hair cells are also affected by 
acoustic overstimulation in an "exposure-dependent" manner. 
The array of acoustic injuries to the stereocilia range 
from floppy, disarrayed, blebbed, and collapsed stereocilia 
with mild-to-moderate noise exposures to fused, elongated, 
giant, and missing stereocilia with more intense exposures 
(Saunders et a l ., 1985). Noise exposure may also damage 
the tip links, cross bridges, and rootlets of the 
stereocilia. Damage to the connections between the 
stereocilia and the tectorial membrane as well as 
depolymerization of the stereocilia is often observed.
Another factor that affects the magnitude of hair cell 
damage is the temporal pattern of the noise exposure. 
Continuous noise exposure involves signals that have a 
relatively long "on"-time and a peak sound pressure level 
(SPL) which is not significantly different from the average 
SPL. An interrupted exposure is similar to a continuous 
exposure; however it involves long periods (at least 
several hours) of effective quiet. Many investigations 
have focused on the histological changes associated with 
continuous and interrupted exposure schedules to help 
determine if the rest (quiet) periods within the 
interrupted exposure act to minimize hair cell damage 
(Bohne et al., 1985, 1987; Fredelius and Wersall, 1992).
The results of these studies suggest that continuous noise
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exposure is more damaging to the cochlea than an 
interrupted exposure of equal energy.
Continuous and interrupted noise exposures also differ 
in the pattern of sensitivity change that they produce over 
time. Continuous or prolonged noise exposure results in a 
decrease in auditory sensitivity that grows over the first 
18-24 hours of the exposure and then stabilizes or reaches 
a plateau as the exposure continues. This pattern of 
sensitivity change is referred to in the behavioral 
literature as an asymptotic threshold shift (ATS; Carder 
and Miller, 1972). ATS depends upon both the level and 
frequency of the exposure. The level of the shift at 
asymptote increases by 1.6-1.7 dB for every 1-dB increase 
in noise above a certain level (Mills, 1973a,b). This 
"certain" level depends upon the octave band of noise used 
to expose the animals and the acoustic characteristics of 
the animal's external ear canal. Once the asymptotic level 
of shift is reached, the decay of threshold shift after 
removal from the noise is exponential with time and its 
course is independent of the duration of exposure.
Several investigators have studied the progression of 
threshold shifts with long-duration continuous exposures 
[chinchillas (Carder and Miller, 1972; Mills, 1976; Bohne 
and Clark, 1982; Clark and Bohne, 1987); monkeys (Moody et 
al., 1976); guinea pigs (Syka and Popelar, 1980); and 
humans (Melnick, 1976)]. Clark and Bohne (1987) have shown 
that the level of ATS remains stable for exposure durations
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lasting as long as three years. However, this "stable" 
result is somewhat confusing given the existing anatomical 
and permanent threshold shift (PTS) data. Both anatomical 
and PTS data suggest that there is a direct relationship 
between exposure duration and the amount of cochlear damage 
and PTS (i.e., with increased duration there is an increase 
in cochlear damage and PTS; Bohne and Clark, 1982). In 
Clark and Bohne's study (1987), when the animals were 
removed from the noise for a 1-2 week period during the 
third year of exposure, 5-20 dB of recovery occurred at all 
test frequencies. This indicates that ATS may set an upper 
limit on the amount of PTS resulting from a continuous 
exposure of infinite duration.
Interrupted noise exposure, on the other hand, results 
in an initial decrease in auditory sensitivity during the 
first few days of exposure, followed by a return towards 
baseline (or pre-exposure levels) on subsequent days of 
exposure. Miller et a l . (1963) were first to suggest that
repeated exposures to low-to- moderate level acoustic 
stimuli might result in less threshold shift over time. In 
their experiment, cats were exposed to a broad band noise 
(BBN) with an overall level of 115 dB SPL for 7.5 minutes 
per day for 16 days. The maximum threshold shift measured 
behaviorally at 4 kHz (approximately 40 dB) occurred after 
the second exposure but then decreased to approximately 15 
dB by the fifth exposure, and remained at this value for 
the rest of the experiment. Since the time of this initial
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report, others have demonstrated the development of
substantially less threshold shift with repeated exposures
to different schedules of interrupted noise using
behavioral (Clark et a l ., 1987), physiological (Sinex et
al., 1987; Byrne et a l ., 1988; Subramaniam, 1991a,b;
Boettcher et a l ., 1992) and distortion product otoacoustic
emission (DPOAE; Subramaniam et a l ., 1994a,b) measures.
This progressive resistance to threshold shift caused by
repeated exposures to a conditioning noise interspersed
with periods of rest is known as "toughening". Toughening
has been demonstrated in many species including cat (Miller
et a l ., 1963), chinchilla (Clark et a l ., 1987; Sinex et
a l ., 1987; Henderson et a l ., 1992; Subramaniam et a l .,
1991a,b, 1994a,b), rabbit, (Franklin et a l ., 1991), and
humans (Ward, 1970; Miyakita et a l ., 1992).
2.2 Protection Against Noise Trauma by Prior Sound- 
Conditioning
In recent years, considerable attention has been given 
to the idea that susceptibility of the auditory system to 
noise-induced hearing loss may be decreased depending upon 
a subject's previous history of noise exposure. Prior 
exposures to moderate level acoustic stimulation (i.e., 
conditioning) can reduce (and in some instances prevent) 
the deleterious effects of subsequent higher level (and 
usually damaging) exposures (Canlon et a l ., 1988, 1992; 
Campo et a l ., 1991; Henderson et a l ., 1992; Ryan et a l ., 
1994; Canlon and Fransson, 1995) . Both continuous and 
interrupted schedules of moderate-level noise exposure have
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been used as conditioning exposures and both have been 
effective in providing protection against subsequent 
traumatizing noise.
Canlon et al. (1988) were first to demonstrate that 
protection could be afforded by conditioning the guinea pig 
auditory system with moderate-level stimulation. They 
showed that prior exposure of guinea pigs to a 1 kHz pure- 
tone at 81 dB SPL presented continuously for 24 days 
reduced the damaging effects of a second traumatizing 
exposure (1 kHz pure-tone at 105 db SPL for 72 hours). The 
conditioned group of animals exhibited less TTS and PTS 
than a group of control animals exposed to only the higher 
level tone. Ninety minutes after the 3-day exposure to the 
105 dB SPL 1 kHz tone, both groups had elevated auditory 
brainstem response (ABR) thresholds at all test 
frequencies. However, the amount of threshold shift 
demonstrated by the control group ranged from 33-53 dB 
across frequency while the conditioned group showed only an 
8-40 dB shift. After an 8 -week recovery period, ABR 
thresholds measured in the conditioned group returned to 
pre-exposure values, while the control group continued to 
show residual threshold shifts of 14-35 dB depending on 
test frequency. Thus, the low-level conditioning exposure 
provided protection against PTS from a higher level 
exposure at the same frequency.
Campo et al. (1991) replicated the results of Canlon
et a l . (1988); however, they used chinchillas that were
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deafened in one ear as their experimental animal and a 
conditioning exposure more typical of that found in an 
industrial workplace. The conditioned group of chinchillas 
was exposed to a 95 dB SPL octave band noise centered at 
0.5 kHz for 6 hours a day (6 hours "on"/18 hours "off") for 
10 consecutive days. This interrupted schedule of noise 
exposure resulted in a gradual reduction in the amount of 
threshold shift over the course of the 10-day exposure.
This result was consistent with earlier findings 
demonstrating toughening of the auditory system (Clark et 
al., 1987). The animals were then allowed to recover in a 
quiet environment for 5 days before being exposed to the 
traumatic exposure (the same spectrum of noise presented 
continuously at 106 dB SPL for 48 hours). The recovery 
period was incorporated into the experimental paradigm to 
ensure that any shift in hearing threshold which might have 
occurred during the conditioning noise was eliminated and 
pre-exposure levels retained. The control group of 
chinchillas was exposed only to the traumatic exposure. 
Hearing thresholds determined using evoked potential 
recordings were measured for test frequencies of 0.5- to 16 
kHz (in one octave steps) in both groups of animals 
immediately upon removal from the traumatic noise and then 
24 hours, 5 days, and 4 weeks post-exposure. Animals in 
the control group consistently showed greater threshold 
shifts than the animals previously conditioned with the 
interrupted moderate-level noise each time evoked potential
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thresholds were measured. The final threshold measurement 
taken 4 weeks post-exposure revealed that the control group 
experienced 10-20 dB more PTS than the conditioned group at 
frequencies between 0.5- and 4 kHz. The difference in the 
amount of PTS between the two groups was statistically 
significant.
Canlon et a l . (1992) tested the persistence of the
conditioning effect using rabbits as their animal model. 
Rabbits were exposed to a 79 dB SPL band of noise (2-7 kHz) 
for 256 hours. These rabbits were then maintained in a 
quiet environment for either 2 weeks or 1 month prior to 
being exposed to a high intensity noise ( 2 - 4  kHz, 131 dB 
SPL for 15 minutes). Control rabbits were exposed only to 
the damaging noise. ABR thresholds measured 3 weeks after 
the 131 dB SPL exposure showed that the conditioned group 
acquired 10 - 25 dB less threshold shift than the control 
group between 0.5- and 4 kHz. Group thresholds did not 
differ in the 6.3- to 20 kHz region. Therefore, the 
results suggested that the protective effect of the 
moderate-level conditioning noise exposure is relatively 
long-lasting.
Miyakita et al. (1992) investigated whether human
subjects could also be protected from the effects of noise 
trauma by prior sound conditioning with a low-level 
acoustic stimulus. Normal hearing teenagers with a mean 
age of 13.5 years (range: 12-16 years) were exposed to 70 
dB SPL (A-scale) music for 6 hours per day for 9
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consecutive days (conditioning exposure). The high-level 
noise exposure was a 105 dB SPL, % octave noise band 
centered at 2 kHz presented for 10 minutes. Hearing 
thresholds were determined behaviorally by a computerized, 
sweep-frequency (Bekesy-type) audiometer in the frequency 
range 0.8- to 8.0 kHz. During the 9-day training period, 
the subjects were exposed to the music for 6 hours per day. 
Thresholds were monitored each day (just before and just 
after exposure) to measure the effects of the music on 
hearing thresholds. On days 1, 3, 5, 7, and 9 of this 
period, subjects were exposed to the 105 dB SPL noise for 
10 minutes following the 6-hour conditioning exposure and 
subsequent hearing test. Thresholds were again monitored 
after the traumatic exposure and the amount of TTS induced 
by this exposure was determined. Results showed that after 
5 days of conditioning, significant decreases in TTS were 
observed in the 3-3.5 kHz frequency range. As the training 
continued, the frequency range in which significant 
reductions in TTS were found increased to 2-5 kHz.
However, the TTS reductions observed under the experimental 
conditions used in this study were not persistent. When 
subjects were tested 5 days after the training period, the 
amount of TTS measured after the traumatic exposure was not 
statistically different from the pre-conditioning baseline 
threshold shift values.
The duration of the conditioning exposures used by 
Canlon et a l . (1988) and Campo et a l . (1991) was relatively
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long. Subramaniam et a l . (1993a) were interested in
determining the length of the conditioning exposure 
required to provide the protective effect and if the amount 
of protection was dependent upon the number or length of 
conditioning exposures. Three groups of chinchillas 
(deafened in one ear) were exposed to a 95 dB SPL octave 
band noise centered at 0.5 kHz for either: (1) 5 hours and
then allowed to recover for 9 days before repeating the 
same exposure; (2) 6 hours per day for 10 consecutive days; 
or (3) 6 hours per day for 20 consecutive days. Each group 
was allowed to recover for 5 days after the last 
conditioning exposure and then exposed to the same spectrum 
at 106 dB SPL for 48 hours. A control group was exposed 
only to the higher level noise. Hearing thresholds 
determined using evoked potential recordings were measured 
4 weeks post-exposure to the 106 dB SPL noise. All three 
groups of conditioned animals incurred significantly less 
PTS than the control group at test frequencies between 0.5- 
and 2 kHz. Animals conditioned over 10 consecutive days 
showed greater protection from hearing loss over a wider 
frequency range than the other two conditioned groups; 
however, this difference was not significant.
Interestingly, although all conditioned groups had 
significantly less PTS than the control group, all groups 
had approximately the same amount of OHC loss. The authors 
concluded that a single moderate-level conditioning 
exposure might possibly be sufficient to trigger a
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protection process against the damaging effects of a 
subsequent higher level exposure. However, additional 
exposures (up to 10 days) were required to increase the 
protective effect. Further increase in the number of 
conditioning exposures (20 days) became less effective in 
preventing hearing loss.
The traumatic exposures used in the studies mentioned 
thus far have been restricted to continuous noise exposures 
with intensities of s 106 dB SPL. However, since impulse 
noise is common to many industrial worksites, military 
operations, and recreational activities, Henselman et a l . 
(1994) were interested in determining whether conditioning 
could protect the auditory system against damage resulting 
from subsequent exposure to high-level impulse noise. An 
experimental group consisted of seven monaurally deafened 
chinchillas which were first exposed to a conditioning 
noise - an octave band noise centered at 0.5 kHz at 95 dB 
SPL for 6 hours per day for 10 successive days. After a 5- 
day recovery period from the conditioning exposure, these 
animals were then exposed to the impulse noise which had 
peak levels of 150 dB SPL. The impulses were presented 
using a "salvo" exposure, i.e., the temporal spacing of the 
impulses consisted of a series of 50 pairs of impulses 
presented 50 ms apart with 1000 ms between the onset of 
each pair. The total duration of the exposure was 
approximately one minute. The control group consisted of 
14 monaurally deafened chinchillas which were exposed only
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to the impulse noise. Hearing thresholds, determined using 
evoked potential recordings, were measured for test 
frequencies of 0.5- to 16 kHz (in one octave steps) in both 
groups of animals 15 minutes, 24 hours, 10 days, and 4 
weeks post-traumatic exposure. At all times, the 
experimental group demonstrated considerably lower 
threshold shifts than the control group. In fact, there 
were statistically significant differences in the amount of 
PTS (measured 4 weeks post-exposure) between both groups at 
all frequencies tested. Histological findings also 
revealed significant differences in the amount of inner and 
outer hair cell loss between the conditioned group of 
animals and the control animals. Thus, the results of this 
study support the notion that prior exposure to a low-to- 
moderate level conditioning noise is an effective means of 
alleviating the hazardous effects of high level impulse 
noise.
Canlon and Fransson (1995) were interested in 
distinguishing between inner and outer hair cell damage in 
sound conditioned animals that were subsequently exposed to 
a high-level tone versus animals exposed to only the latter 
traumatic exposure. The conditioning and traumatic 
exposures were the same as that used originally by Canlon 
et a l . (1988), i.e., an 81 dB SPL 1 kHz pure tone presented
continuously for 24 days and a 105 dB SPL 1 kHz pure tone 
presented continuously for 3 days. Distortion product 
otoacoustic emissions (DPOAEs) were chosen for study since
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they are believed to specifically reflect the functional 
activity of the outer hair cells (Siegel and Kim, 1982). 
Five pigmented guinea pigs were first studied to determine 
the effects of the conditioning exposure. DPOAE input- 
output functions were measured for the 2f1-f2 DPOAE 
frequencies of 1.75-, 2.1-, 2.8-, and 3.5 kHz before sound 
conditioning, and on days 1, 5, 10, 15, and 24 during the 
low-level, long term exposure. Results showed that minor 
amplitude alterations did occur at DPOAE frequencies 1.75-
2.1-, and 2.8 kHz on days 1, 5, and 10 for some (but not 
all) animals. However, by days 15 and 24 of the 
conditioning exposure, amplitudes were similar to pre- 
exposure values in all cases. In addition, auditory 
brainstem response thresholds at 1.0- and 2.0 kHz were not 
affected at any time during sound conditioning. The 
analysis of surface preparations of the organ of Corti 
after a 14 or 3 0 day rest from the low-level exposure did 
not reveal any significant hair cell loss induced by the 
sound conditioning. Thus, Canlon and Fransson (1995) 
concluded that their sound conditioning paradigm did not 
cause any significant functional or morphological 
alterations to the cochlea.
Next, Canlon and Fransson (1995) investigated the 
effect of the traumatic exposure (1 kHz, 105 dB SPL, 3 
days) on a group of sound conditioned guinea pigs and a 
control group of animals exposed only to the high-level 
tone. DPOAE input-output functions were measured for the
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2f1-f2 DPOAE frequencies of 1.75-, 2.1-, 2.8-, 3.5-, 4.4-, 
and 5.6 kHz for both groups of animals 4 weeks post- 
traumatizing exposure. Results showed that statistically 
significant reductions were not found when comparing the 
DPOAE input-output functions of the sound conditioned group 
to their pre-exposure values. However, when comparing the 
DPOAE amplitudes pre- and post-traumatic exposure for the 
control group, statistically significant reductions were 
found at all frequencies tested. In particular, at 1.75-,
2.1-, and 2.8 kHz, DPOAE amplitudes failed to increase 
despite an increase in primary tone levels over a 40 dB 
range. The analysis of surface preparations of the organ 
of Corti revealed that the pattern of OHC damage was 
different between the two groups. There were two distinct 
peaks in the cochleograms (graphs of the % of hair cell 
loss v s . the distance from the round window) of the sound 
conditioned group corresponding to two distinct regions of 
OHC loss along the cochlear partition. The underlying 
cause for this modified pattern of cochlear damage was not 
given. Interestingly though, the sound conditioned group 
suffered 50% less OHC loss than the control group. Thus, 
the results of this study demonstrated that sound 
conditioning prior to exposure to a traumatic auditory 
stimulus maintained the amplitude of DPOAEs over a wide 
frequency range, reduced the degree of OHC loss, and caused 
an altered pattern of OHC damage. The authors suggested 
that the intrinsic properties of the OHCs and/or organ of
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Corti may have been altered by the low-level, long-term 
exposure, thus rendering the cochlea less susceptible to 
the damaging effects of the traumatic exposure.
Despite the methodological differences within the 
studies mentioned above, the overall findings were 
consistent. That is, prior exposure to low-to-moderate 
level conditioning noise resulted in less PTS when compared 
to that found in control (traumatic exposure only) 
subjects. However, evidence has also been reported which 
contradicts the protective role of the conditioning noise 
exposure (Subramaniam et a l ., 1992, 1993b; Fowler et al., 
1995) .
Subramaniam et al . (1992) were interested in
determining if the basal region of the cochlea could be 
made more resistant to noise-induced hearing loss by prior 
exposure to high frequency, moderate-level noise. They 
examined the role of a high frequency, moderate-level 
conditioning exposure in providing protection against 
hearing loss from subsequent exposure to the same noise 
spectrum presented at a higher level. Chinchillas that 
were deafened in one ear were then exposed to an 85 dB SPL 
octave band noise centered at 4 kHz for 6 hours per day (6 
hours "on"/18 hours "off") for 10 consecutive days. The 4 
kHz octave band noise produced a reduction in threshold 
shift from day 1 to day 10 (toughening) which supports the 
results reported in an earlier study (Subramaniam et al., 
1991b). These conditioned animals were then assigned to
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two groups depending upon the length of time allowed for 
recovery from the moderate-level exposure. One group was 
allowed to recover for 5 days and the other for only 18 
hours before being exposed to the traumatic exposure (100 
dB SPL octave band noise centered at 4 kHz for 48 hours). 
Results showed that the group of conditioned animals that 
recovered for only 18 hours had 10-15 dB of residual 
hearing loss at test frequencies 8- and 16 kHz. However, 
the group given 5 days to recover demonstrated no residual 
hearing loss at any of the test frequencies (0.5 - 16 kHz 
in one octave steps and the mid-octave frequency of 5.6 
kHz). Control animals were also deafened in one ear, but 
were exposed only to the 100 dB SPL noise for 48 hours. 
Hearing thresholds determined using evoked potential 
recordings were measured in all three groups of animals 
immediately upon removal from the traumatic noise and then 
24 hours, 5 days, and 4 weeks post-exposure. In addition, 
inner and outer hair cell damage was assessed 
histologically to determine the presence or absence of hair 
cells along the length of the cochlea. The results of the 
initial measurement (taken immediately upon removal from 
the traumatic noise) showed that the 5 day recovery group 
had the least amount of threshold shift of the three groups 
tested at the center frequency of the noise and one half 
octave above it (4- and 5.6 kHz, respectively). By 24 
hours post-exposure, the threshold shifts measured in all 
three groups were approximately equal. Interestingly,
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measurements taken 4 weeks post-exposure revealed that the 
18 hour recovery group incurred considerably less PTS and 
total hair cell loss than the other two groups. The group 
of animals allowed 5 days to recover from the conditioning 
noise, however, demonstrated greater amount of PTS than the 
other groups, although hair cell loss for this group was 
comparable to that of the control group. The authors 
attributed the lack of protection found in the 5 day 
recovery group to the transitory nature of the protective 
changes that may have occurred within the auditory system 
during conditioning, but then dissipated over the course of 
the 5 day recovery period. They concluded that the 
differences in their results, when compared to results 
reported by Campo et a l . (1991), reflected basic biological
differences between the base and the apex of the cochlea.
In an attempt to determine the generality of the 
conditioning effect (i.e., does conditioning protect the 
entire cochlea or is the effect restricted to the region of 
the exposure frequency), Subramaniam et a l . (1993b) studied
whether conditioning with low frequency noise protected the 
auditory system from subsequent high frequency exposures. 
Chinchillas were first deafened in one ear and then 
conditioned using a 95 dB SPL octave band noise centered at 
0.5 kHz for 6 hours a day (6 hours "on"/l8 hours "off") for 
10 consecutive days. The animals were then allowed to 
recover for 5 days in a quiet environment. The animals 
were then exposed to a high frequency traumatizing noise
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(100 dB SPL octave band noise centered at 4 kHz for 48 
hours). Control animals were also deafened in one ear, but 
exposed only to the higher level noise. Hearing thresholds 
were measured using evoked potential recordings in all 
three groups of animals immediately upon removal from the 
traumatic noise and then 24 hours, 5 days, and 4 weeks 
post-exposure. In addition, inner and outer hair cell 
populations were assessed to determine hair cell damage 
along the length of the cochlear partition. Thresholds 
were beyond the limits of the equipment in many control and 
conditioned animals tested immediately after the intense 
exposure, but recovered considerably over the next 24 
hours. The magnitude of PTS observed in the conditioned 
group was significantly higher than that of the control 
group at test frequencies greater than or equal to 4 kHz. 
The difference in PTS was about 10 dB at 4 kHz and 25 dB at 
frequencies from 5.6- to 16 kHz. Group differences were 
also confirmed by the histological results, with the 
conditioned group incurring greater OHC loss than the 
control group. The results showed that low frequency 
conditioning did not offer protection against subsequent 
exposures to high frequency noise. Instead, prior exposure 
to low frequency noise rendered the auditory system more 
susceptible.
Fowler et al . (1995) found that the conditioning
exposures used in their experimental paradigm acted to 
enhance, rather than diminish, the damaging effects of the
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traumatic exposure when using the CBA/Ca mouse as the 
experimental animal. The authors stated that they were 
interested in investigating the protective role of the 
conditioning exposure in the mouse because its pattern of 
hearing sensitivity was markedly different than all of the 
animal models studied thus far (i.e., guinea pigs, rabbits, 
chinchillas, gerbils, and humans). Studies by Henry (1983) 
and Li and Borg (19 91) determined that mice have their 
greatest sensitivity between 6.3- and 24 kHz, whereas the 
audibility curves of the other species mentioned show 
greatest sensitivity between 0.5- and 16 kHz. The authors 
observed that the majority of previous studies 
demonstrating the protective role of prior sound 
conditioning used low-to-moderate level noise or pure tones 
in the lower end of the audibility curve of the species 
tested. In this study, a narrowband noise centered at 4.5 
kHz was used for both the conditioning and the traumatic 
noise exposures. This exposure was expected to produce the 
greatest threshold shift at approximately 6 kHz (& octave 
above the center frequency of the noise) which is near the 
lower end of the mouse audibility curve, but still within a 
relatively sensitive region. Groups of animals were 
exposed to different conditioning exposures, presented 
continuously or on an interrupted schedule (6 hr "on"/18 hr 
"off"), for either 10 or 24 consecutive days. The various 
levels of noise used for the conditioning exposures were 
chosen because they induced either no, minimal, or moderate
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threshold shifts as measured by reductions in the auditory 
brainstem response thresholds at 4.0-, 6.3-, 8.0-, 10.0-, 
12.5-, and 16.0 kHz. Following these measurements, the 
animals were allowed 6 to 8 hours to recover from the 
effects of the anesthesia before being exposed to the 
traumatic noise. The traumatic noise was presented at 
several levels (107, 110, or 117 dB SPL) for 24 hours to 
induce temporary or permanent hearing loss of graded 
severity. Control groups were exposed only to one of the 
high-level exposures. Auditory brainstem response 
thresholds were then measured approximately 12 hours, 1 
week, and 4 weeks post-traumatic exposure. Results showed 
that protection against the damaging effects of a traumatic 
noise exposure was not found, no matter which combination 
of sound conditioning paradigm (i.e., continuous or 
interrupted) and level of traumatic noise was used. In 
fact, in most cases, there was a tendency for the 
conditioned animals to demonstrate greater reductions in 
threshold after the traumatic exposure than the control 
group. Thus, these results contradicted the previous 
reports that showed that sound conditioning was an 
effective means of providing up to 3 0 dB of protection 
against subsequent noise trauma. Fowler et a l . (1995)
attributed their negative findings to peculiarities in the 
response of the mouse auditory system to noise trauma.
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2.3 Mechanisms Responsible for Protection
Although many studies have demonstrated that prior 
sound conditioning affords protection against subsequent 
noise exposures, the physiological mechanism(s) responsible 
for these results is still unknown. A number of 
possibilities have been suggested to account for the 
protective function of the conditioning noise exposure. 
These include: (1) improvement in the attenuation provided
by an increased strength of the middle ear muscles (MEMs) 
in conjunction with the acoustic reflex; (2) changes in 
efferent activity; and (3) changes in cochlear physiology 
(in particular, OHC physiology).
The role of the MEMs as a potential mechanism for 
providing protection against noise exposure in animals that 
have been previously conditioned has been evaluated in 
chinchillas (Henderson et a l ., 1994), gerbils (Ryan et a l ., 
1994), and guinea pigs (Dagli and Canlon, 1995). The 
underlying basis of this proposed mechanism is the idea 
that the MEMs, and hence the acoustic reflex, become 
stronger over the course of the moderate-level conditioning 
exposure. This could potentially lead to an improvement in 
the amount of attenuation generated by the acoustic reflex 
in response to subsequent high-level exposures. The 
results of the studies by Henderson et a l . (1994) and Ryan
et al. (1994) demonstrated that groups of sound conditioned
animals, both with and without sectioned MEMs, developed 
significantly less PTS than groups of control animals that
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had not been conditioned. However, no difference was found 
in the amount of PTS between the groups of animals with 
sectioned vs. intact MEMs. Dagli and Canlon (1995) 
compared the amount of decrease, duration of the loss, and 
the rate of recovery of DPOAE amplitudes in response to a 
TTS-producing exposure in sound conditioned guinea pigs 
with either paralyzed or intact MEMs. Significant 
differences were not found in the DPOAE measurements 
between the two groups of guinea pigs. Thus, the results 
of the studies mentioned above do not support a role for 
the MEMs in providing protection against traumatizing 
noise.
A number of studies have suggested that activation of 
the medial cochlear efferent system can protect the inner 
ear from acoustic injury (Cody and Johnstone, 1982; Puel et 
a l ., 1988b; Rajan, 1992). However, to date, there is no 
definitive evidence in support of a protective role of the 
medial cochlear efferent system during noise exposure.
Most of the studies that have addressed this issue have 
used very short duration (< 10-15 min), high intensity (> 
100 dB) pure-tone exposures. One set of studies using this 
type of exposure for guinea pigs indicated that the effects 
of noise were reduced by activation of the medial cochlear 
efferents by either electrical or contralateral stimulation 
(Rajan and Johnstone, 1983; Rajan, 1992). However,
Liberman (1992) was unable to replicate these results in
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cat and suggested that the efferents did not play a role in 
protecting the auditory system.
In a recent study, Rajan (1996) examined whether the 
protective role of sound conditioning was mediated by the 
medial cochlear efferent system. An experimental group of 
guinea pigs was conditioned with a 97 dB SPL 10 kHz pure- 
tone for 1 minute. After a 40 minute rest, the animals 
were then exposed to a high-level exposure (103 dB SPL 10 
kHz pure-tone for 1 minute). A control group of animals 
was exposed only to the high-level tone. Significantly 
less threshold shifts were recorded over the most affected 
frequency range (10-20 kHz) after the high-level exposure 
in the conditioned group of animals as compared to the 
shifts recorded in the control group. These results are in 
accordance with the earlier findings of Canlon et al.
(1988) and Campo et a l . (1991). Two additional groups were
then tested to determine the role of the medial cochlear 
efferents in this protection phenomenon. In the first 
group, an intraperitoneal injection of strychnine (10 mg/kg 
body weight) was given to the animals approximately 15 
minutes prior to sound conditioning, while in the second 
group, strychnine was administered approximately 15 minutes 
after the conditioning exposure. Strychnine is a known 
blocker of the medial cochlear efferent system (Kujawa et 
a l ., 1993, 1994; Erostegui et al., 1994). When the 
thresholds of these two strychnine-treated groups were 
measured after the high-level exposure and compared with
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the results of the previous two groups described above, it 
was found that the strychnine treatment (no matter when it 
was administered) did not affect the ability of the 
conditioning exposure to reduce the damage caused by the 
subsequent high-level tone. The threshold shifts in these 
two groups were not significantly different from the shifts 
recorded in the group that was only exposed to the 
conditioning exposure and not treated with strychnine. 
However, the losses were significantly less in the 
conditioned groups, no matter how they were treated, than 
the losses measured in the control group. Thus, these 
results suggest that the medial cochlear efferents do not 
play a role in mediating the protection from acoustic 
trauma induced by prior sound conditioning. These results 
were supported by the findings of Canlon et a l . (1992)
showing no morphological changes in the efferent synapses 
under the OHCs after sound conditioning. Rajan (1996), 
however, did not totally exclude a role for the efferents 
in this type of protection. He concluded that on the basis 
of the evidence found, it can only be stated that the 
medial cochlear efferents are not involved. He did not 
discount the possibility that other subsystems of the 
cochlear efferents might be responsible for the protection 
afforded by the sound conditioning.
Canlon et a l . (1992, 1993) hypothesized that changes
in cochlear physiology, particularly changes occurring 
within the OHCs during sound conditioning, may be
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responsible for the protective effect of the conditioning 
noise. The results of electron microscopy studies revealed 
an increase in the intracellular membrane components (e.g., 
vesicles, coated vesicles, tubulovesicular cisternae) in 
the infranuclear region of the OHCs in animals that had 
been exposed to a low-level conditioning noise (1 kHz, 81 
dB SPL for 24 days). Interestingly, although these changes 
were found, exposure to this low-level, long-term acoustic 
stimulus did not cause changes in auditory sensitivity.
The increase in intracellular membrane components indicated 
that there is a capacity for this region of the OHC 
(presynaptic area opposing the afferent synapse of the OHC) 
to undergo increased membrane recycling in response to a 
long-term exposure. This "upregulation" of membrane 
recycling may act to increase the neurotransmitter pool of 
the OHCs (by improving synthesis and uptake mechanisms) 
which in turn, may act to enhance synaptic efficiency. 
Canlon et a l . (1992, 1993) concluded that this stimulus-
related improvement in synaptic efficiency (as suggested by 
the increase in vesicle content in the presynaptic afferent 
region of OHCs) might allow the system to better endure the 
damaging effects of the subsequent exposure.
It has also been hypothesized that sound conditioning 
increases the amount of protective cellular proteins 
expressed within the cochlea (in particular, the OHCs), 
thus providing protection against the damaging effects of 
subsequent noise trauma. Heat shock proteins (HSPs) are a
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group of proteins that are expressed in almost all cells in 
almost all species in response to a variety of stresses 
(e.g. heat shock, viruses, ischemia, drugs, oxygen 
radicals, nutrient deprivation, etc.). HSPs are believed 
to be involved in the acquired tolerance to stress (meaning 
that a prior stress-inducing exposure decreases the 
pathological effect of a second, more severe stress- 
inducing exposure; Lindquist and Craig, 1988; Welch, 1992). 
Barbe et a l . (1988) reported that hyperthermia caused
increases in the level of expression of HSPs in rat retinal 
cells which acted to protect the retina from subsequent 
light damage. Hutter et a l . (1994) determined that
hyperthermic stress protected against infarct after periods 
of ischemia. Several investigators have demonstrated the 
expression of HSPs in both the guinea pig and rat cochlea. 
In guinea pigs, expression was found in the cochleae of 
normal, unstressed animals (Neely et al., 1991); however, 
the level of expression was increased under conditions of 
hyperthermic stress (Thompson and Neely, 1992). In rats, 
no expression of HSPs was found in cochlea taken from 
unstressed animals; however, expression was induced by heat 
shock (Dechesne et a l ., 1992) and transient hypoxia (Myers 
et al., 1992) . Recently, an upregulation in the expression 
of certain HSPs has been shown in rat OHCs in response to 
acoustic overstimulation (Lim et a l ., 1993, 1994, 1996;
Ditto et a l ., 1994; Altschuler et a l ., 1996). It is 
uncertain whether this noise-induced elevation in the level
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of expression of these proteins is responsible for 
providing protection against later exposures. However, the 
fact that HSPs serve a protective function in cells within 
other systems lends support to the notion that HSPs could 
also be involved in protecting the auditory system from 
noise-induced trauma.
Calcium is known to play an important role in the 
regulation of a variety of physiological processes. Canlon 
and Fransson (1994) were interested in determining the 
effect of sound conditioning on calcium homeostasis in the 
guinea pig cochlea. Calbindin D-28 kDa is a calcium- 
binding protein that is abundant in the inner ear and is 
thought to play an important role in auditory transduction 
and hair cell homeostasis (Oberholtzer et a l ., 1988; 
Christakos et a l ., 1989). Canlon and Fransson (1994) 
showed that in normal guinea pig cochleae, calbindin D-28 
kDa is localized to the cytoplasm of both IHCs and OHCs, 
with high levels of immunoreactivity in the cuticular plate 
of the cells and low levels in cell nuclei. Immediately 
after exposure to a low-level conditioning tone (1 kHz, 81 
dB SPL, 24 days), a dramatic decrease in the 
immunoreactivity of the calcium-binding protein was found 
in both types of cells. This decrease was long-term in 
that it required approximately 3 0 days of rest from the 
conditioning exposure until control levels of 
immunoreactivity were again attained. This result 
suggested that the effects of sound conditioning were
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long-lasting. Interestingly, the protective effect of the 
conditioning exposure was still evident in animals 
maintained in quiet environments for one month prior to the 
subsequent traumatic exposure. The authors proposed that 
the decrease of calbindin D-28 kDa immunoreactivity may be 
caused by the inhibition of calcium movement into the hair 
cells during the prolonged low-level acoustic stimulation. 
Decreased calcium influx could act to protect the cells by 
rendering them less excitable. The authors claim that the 
physiological significance of these results remains to be 
determined.
2.4 Distortion-product otoacoustic emissions (DPOAEs)
When the ear is stimulated by two continuous pure 
tones, known as primary tones {f1 and f2; fx<f2) , the 
cochlea generates intermodulation distortion products that 
can be measured in the external auditory canal. These 
distortion products (e.g. f2-fi, 2f1-f2, 3fx-2f2, etc.), 
referred to as distortion-product otoacoustic emissions 
(DPOAEs), are believed to reflect the mechanical properties 
of the cochlea, particularly as related to the status of 
outer hair cell (OHC) function (Mountain, 1980; Siegel and 
Kim, 1982; Siegel et al ., 1982). DPOAEs are generated via 
nonlinear cochlear processes associated with the region 
along the basilar membrane that corresponds to the region 
of maximum interaction of the primary tones. This region 
is believed to be near, or at, the f2 place on the basilar 
membrane (Brown et al., 1992; Allen and Fahey, 1993; Puel
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
et al., 1995) . From their generation site, the distortion 
products are propagated by fluid dynamics: (1) apically to 
the place tuned to the distortion product frequency, 
giving rise to audible combination tones (Smoorenburg,
1972) and eliciting tuned V U I t h  nerve responses (Kim,
1980); and (2) basally towards the stapes and through the 
middle ear, giving rise to measurable acoustic signals 
(DPOAEs) within the external canal (Kemp, 1979). A small 
amount of acoustic energy measured within the external 
canal may also come from the more apical location on the 
basilar membrane where the distortion product frequency 
reaches a maximum (Wilson, 1980).
The amplitude growth of the cubic (2fx-f2) DPOAE with 
increasing primary level has been shown to be nonmonotonic 
(Brown, 1987). This finding is analogous to the 
psychoacoustic observations of Smoorenburg (1972). The 
nonmonotonic nature of the amplitude growth function 
suggests that different mechanisms are acting in the 
generation of DPOAEs elicited by either low-to-moderate vs. 
high-level (>60 dB) primary tones. The low intensity 
portion of the amplitude growth function is linear and 
DPOAE amplitude increases with stimulus level up to 
approximately 60 dB. DPOAEs elicited by low-to-moderate 
level primaries are physiologically vulnerable to the same 
factors (e.g., noise exposure and ototoxicity) that 
normally damage or destroy OHC function (Kim, 1980; Zurek 
et al., 1982; Brown et al., 1989; Mills et al., 1993;
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Subramaniara et al., 1994a,b). These observations suggest 
low-level distortion product generation is associated with 
the active, nonlinear processes of the OHCs. Above 60 dB, 
the growth function either saturates, rolls over, or the 
DPOAE amplitude increases more rapidly with stimulus level 
than at lower primary levels (slope increases). The 
generation of DPOAEs elicited by high-level primaries 
usually is attributed to the passive mechanical properties 
of the cochlea since these emissions are relatively 
invulnerable to cochlear insult (Zurek et a l ., 1982) and 
can even be measured in the ear of a dead animal (Schmiedt 
and Adams, 1981; Pers. observ.). In some animals, there is 
a "notch" in the I/O functions that occurs when the level 
of the primary tones is around 60-65 d B . Brown (1987) 
suggests that the occurrence of this notch may be due to 
interaction between out-of-phase components of low- vs. 
high-distortion generation.
2.5 The Equal Energy Hypothesis
The Equal Energy Hypothesis (EEH), as proposed by 
Eldred et a l . (1955), represents an attempt to formulate a
unified and relatively simple strategy to estimate the 
auditory hazard associated with a wide range of noise 
exposure conditions. The EEH assumes that the cumulative 
damage to the auditory system is a function of the total 
acoustic energy received, regardless of the distribution of 
energy over time. Simply stated, noise exposures of equal 
energy imply equal risk for noise-induced hearing loss. It
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follows that the total acoustic energy of an exposure is 
given by the product of the intensity of the noise and the 
duration of the exposure. The EEH describes a reciprocal 
trading relationship between the intensity and the duration 
of the noise exposure. Thus, for the total acoustic energy 
(and therefore, the amount of hearing loss) to remain 
constant, the exposure intensity must be doubled (increased 
in level by 3 dB) each time the exposure duration is halved 
and vice versa. The inherent simplicity of the EEH, and 
the ease with which its basic concepts can be incorporated 
into instrumentation to produce a single number "index" of 
the hazards of any noise environment, established it as one 
of the first damage-risk criterion measures in the United 
States in 1956 (U.S. Air Force Regulation 160-3). The EEH 
damage-risk estimation scheme was later formally adopted by 
the International Organization for Standardization (1981).
Several demographic studies have led to the promotion 
of the EEH as a model on which to base noise standards and 
damage-risk criteria. Burns and Robinson (1970) formalized 
the EEH, providing the most convincing demographic evidence 
of its validity in the case of permanent noise-induced 
hearing loss from industrial, steady-state noise. These 
results were supported by Passchier-Vermeer (1974); however 
they fit their data to an alternative mathematical 
formulation of the EEH which they had developed. Atherley 
and Martin (Atherley and Martin, 1971; Atherley, 1973;
Martin, 1976) extended the work of Burns and Robinson
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(1970) in order to apply the EEH to impulse and impact 
noise exposures. Their data, acquired from a group of 
employees in the drop-forge industry, was also in 
accordance with the EEH, at least up to peak levels of 150 
dB SPL (Martin, 1976). Other investigators have also 
reported that the hazard from impulse and impact noise may 
be predicted by the EEH (Guberan et al ., 1971; Kuzniarz et 
a l ., 1976).
However, the results of several other demographic 
studies investigating the effect of impulse noise on 
permanent threshold shift are in conflict with the 
predictions derived from the EEH (Sulkowski et al., 1980, 
1983; Voigt et al., 1980; Taylor et a l ., 1984). Sulkowski 
et al . (1980, 1983) found that workers exposed to impulse
noise demonstrated greater hearing loss than workers 
exposed to industrial steady-state noise of equal acoustic 
energy. Voigt et a l . (1980), reported that for equal
average levels, there was an increased risk for hearing 
loss in construction workers exposed to widely fluctuating 
noise levels as opposed to those exposed to more stable 
noise levels. Thus, because of this negative evidence, 
controversy still remains concerning the validity and 
general applicability of the EEH as a model for predicting 
hearing loss. In addition, many have reported that the 
data collected in these large scale demographic studies was 
fraught with extreme intersubject variability, making it 
such that a variety of analytic formulations could be used
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3 7
to adequately describe the data (Taylor and Pelmear, 1976; 
Roberto et a l ., 1985; Henderson et al., 1991).
A number of studies using laboratory animals as 
subjects also do not provide conclusive evidence for the 
overall applicability of the EEH, especially as it applies 
in cases of impact and impulse noise exposures (Roberto et 
a l ., 1985; Henderson et a l ., 1991). For instance, Ward et 
a l . (1981) subjected different groups of chinchillas to a
series of continuous noise exposures of approximately equal 
energy (150 days at 82 dB SPL; 15 days at 92 dB SPL; 1.5 
days at 102 dB SPL; 0.15 days at 112 dB SPL; 0.015 days at 
120 dB SPL). They reported that for all exposures up to 
and including 112 dB SPL, the same amount of PTS and OHC 
loss was found, thus confirming the validity of the EEH for 
assessing the hazard associated with single, continuous 
exposures at moderate intensities. However, the 120 dB SPL 
exposure yielded a much larger hearing and OHC loss than 
was predicted by the EEH, given an exposure of equal 
acoustic energy. The authors suggested that a critical 
exposure level may exist that, when exceeded, the rules for 
time-intensity trading would not hold.
A critical exposure level was also found in 
chinchillas after exposure to impact noises of various 
intensities (107-125 dB peak SPL) and durations (120-1.87 
hours) presented at a fixed rate of four impacts per second 
(Roberto et a l ., 1985). Again, the exposure conditions 
were balanced to produce exposures of approximately equal
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energy. The damaging effects of the exposures were 
assessed by measuring auditory evoked response thresholds 
and the amount of hair cell loss of the four different 
exposure groups. Results showed that the amount of PTS and 
the percent hair cell loss were approximately equal 
following the exposures to the 107-, 113-, and 119 dB peak 
SPL impact noises, but significantly higher for the 125 dB 
peak SPL exposure. Thus, according to these results, the 
EEH was valid below some critical exposure level. This 
provided support for the findings of Ward et a l . (1981),
and suggested that above some critical combination of level 
and duration for impact noise exposures, auditory hazard 
would be substantially greater than would be predicted from 
equivalent energy considerations.
Henderson et a l . (1991) extended the work of Roberto
et a l . (1985) to include higher peak intensities and
additional repetition rates. In the first part of their 
experiment, six exposure levels (107-, 113-, 119-, 125-, 
131-, and 137 dB peak SPL) and three repetition rates 
(4/second, 1/second, and 1/4 seconds) were used. The 
durations of the exposures were varied such that the total 
energy of each exposure condition was approximately the 
same. In the second part of this experiment, the duration 
of the exposure was held constant, but the exposure level 
and the repetition rate were traded to keep the total 
energy constant. Hearing thresholds were estimated by 
recording the auditory evoked potentials from an electrode
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implanted in the inferior colliculus and histological 
analysis was performed to determine the amount of hair cell 
loss. The overall results of this experiment indicated 
that the auditory hazard acquired from exposure to impact 
noise was not solely dependent upon the total amount of 
energy within the exposure (as implied by the EEH), but on 
the interaction of several factors such as the peak level 
and duration of the exposure, the repetition rate of the 
impacts, and the susceptibility of the animal. Although 
the amount of PTS and hair cell loss were similar for the 
lower peak exposure levels, both measures were 
significantly higher for the exposures of higher peak 
levels. These results are consistent with the hypothesis 
that, for impact noise, there is some critical level above 
which the rules for the EEH do not hold and the magnitude 
of hearing loss is much greater than would be predicted 
(Roberto et a l ., 1985). Henderson et a l . (1991) estimated
that for chinchillas, this critical level was between 119 
and 125 dB peak SPL, depending upon the repetition rate of 
the impacts within the exposure.
Industrial work environments usually consist of 
combinations of continuous noise and moderate levels of 
impact noise. Ahroon et al . (1993) evaluated the
applicability of the EEH to such complex noise 
environments, since a number of investigators have reported 
that simultaneous exposure to different classes of noise 
may exacerbate the effects of a given noise exposure
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(Hamernik et a l ., 1974; Hunt et a l ., 1976). Groups of 
chinchillas were exposed for 5 days to either octave bands 
of noise, impact noise, or a combination of the two types 
of noise exposures. Noise-induced trauma was quantified 
using auditory evoked potential threshold measurements and 
histological analysis to determine hair cell loss. The 
results clearly demonstrated that there were exposure 
conditions which produced levels of trauma that would not 
be anticipated on the basis of the EEH. When the impact 
noises were presented alone, the three different 5-day 
exposures, all with equal acoustic energy, induced 
equivalent audiometric and histologic effects. However, 
when these same exposures were combined with continuous 
noise, equivalent exposure energies did not yield 
equivalent levels of trauma. Ahroon et a l . (1993) pointed
out that according to their results, differences in the 
amount of hearing loss from equal energy exposures are not 
only dependent upon the total amount of exposure energy, 
but also on such factors as the repetition rate of the 
impact noise and the frequency spectrum of the superimposed 
continuous octave band noise.
In spite of the negative findings summarized above, 
the EEH does appear to have some predictive value for 
intensities (and other exposure conditions) observed in 
most industrial environments (Atherley and Martin, 1971) . 
The continuous and interrupted conditioning exposures used 
in the present study seem to fall within the range of
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exposure conditions for which the EEH is generally 
applicable. These particular exposures were chosen for 
this reason and also because of their similarities to 
exposures used in similar types of sound conditioning 
experiments.




Experiments were performed on 84 pigmented guinea pigs 
(Cavia cobaya) of either sex weighing between 500 and 850 
grams. The guinea pigs were supplied by a licensed breeder 
(Parker's Cavies, Slidell, LA 70458). During periods of 
noise exposure, the animals were housed in a small sound 
attenuating booth (See Section 3.2.1 for description). 
Unexposed animals, along with animals recovering from the 
noise exposure, were housed and cared for by Louisiana 
State University Medical Center's Animal Care facility, 
approved and certified by the American Association of 
Laboratory Animal Science.
Only animals with a normal Preyer reflex and no 
obvious outer or middle ear pathology were included in the 
study. All animals used in this study were treated in 
accordance with federal, state, and institutional 
guidelines and the NIH Guide for the Care and Use of 
Laboratory Animals (National Institutes of Health, 1985). 
The care and use of the animals were approved by the 
Medical Center's Institutional Animal Care and Use 
Committee.
3.2 Noise Generation and Exposure Methods
3.2.1 Noise exposure facility
During periods of noise exposure, unanesthetized 
guinea pigs were housed in groups of 10 or less in a small
42
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sound-attenuated booth (approx. interior dimensions 76 x 60 
x 40 cm; Industrial Acoustics Company, Inc., Serial 
#101655) contained within a larger sound-attenuated booth 
(Industrial Acoustics Company, Inc., Serial #106138). The 
walls of the smaller booth were lined with hard, reflective 
surfaces to produce uniform sound levels throughout the 
chamber. The speaker was mounted on a wooden surface which 
covered the booth ceiling. The speaker was approximately 
4 0 cm above the level of the guinea pigs' ears. A small 
light was also mounted on the wooden surface. The light 
was controlled by a timer which allowed for 12 hours of 
illumination and 12 hours of darkness. This sequence of 
light and dark periods provided the animals with a 
simulated diurnal cycle. Small holes were drilled into the 
wood (in irregular patterns) beneath the intake and exhaust 
vents to allow for proper air exchange within the booth. A 
small exhaust fan was mounted on the side of the booth for 
additional ventilation. The floor of the booth was lined 
with a metal pan filled with animal bedding (Sani-Chips).
3.2.2 Noise generation and calibration procedures
Both the moderate-level conditioning noise and the 
traumatizing noise were generated by a WG2 Waveform 
Generator (Tucker-Davis Technologies) which was set in the 
"Uniform" mode. This signal was bandpass filtered using a 
Brickwall Filter (Wavetek/Rockland Model 753A) with a low 
frequency cutoff at 1.0 kHz, a high frequency cutoff at 2.0 
kHz, and a roll-off of 115 dB/octave. The level of the
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filtered noise was controlled by a PA4 Programmable 
Attenuator (Tucker-Davis Technologies). Additional power 
was gained using a power amplifier (McIntosh MC2100) 
producing the final signal that was delivered to the 
speaker (Realistic 40-1286C; 8S2, 30 watts) .
The spectrum of the noise used in this study was an 
octave band noise with the low- and high-cutoff frequencies 
at 1.0 and 2.0 kHz, respectively. The continuous and 
interrupted schedules of the moderate-level conditioning 
noise had equal acoustic energy as defined by the EEH 
(Eldred et a l ., 1955). As mentioned earlier, the EEH 
implies that for every doubling of exposure duration, the 
intensity of the noise must be decreased by 3 dB for the 
total acoustic energy to remain constant. In this study, 
the continuous conditioning noise was presented at a level 
of 89 dB SPL (A-scale) for 24 hours per day for 11 days, 
while the interrupted conditioning noise was presented at a 
level of 95 dB SPL (A-scale) for 6 hours per day (6 hours 
"on"/18 hours "off") for 11 days. The high-level 
traumatizing noise was presented continuously for 3 days at 
105 dB SPL (A-scale). These levels were chosen because 
they approximated the levels of conditioning and 
traumatizing noises used in previous studies concerned with 
this type of protection phenomenon (Canlon et a l ., 1988;
Campo et a l ., 1991).
Noise levels were monitored daily using a & inch 
condenser microphone (Briiel & Kjaer Type 4133) and
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preamplifier combination that were connected to a measuring 
amplifier (Briiel & Kjaer Type 2610) . This system was 
calibrated with a sound level calibrator (Briiel & Kjaer 
Type 423 0) which produces a nominal sound pressure of 94 dB 
± 0.3 dB (re: 20 /*Pa) . The microphone was positioned so 
that it was approximately at the level of the guinea pigs' 
ears and was placed at various positions around the booth 
to ensure that the noise was equally distributed throughout 
the booth. Noise levels were found to vary ± 2 dB 
depending upon microphone position. The background level 
inside the booth with the noise off, doors closed, and 
animals present was approximately 40 dB SPL (A-scale). The 
voltage across the speaker was also checked daily using a 
digital voltmeter (Wavetek Corporation BI-DM15XL). The 
voltages corresponding to the levels of noise used in this 
study, i.e., 89, 95, and 105 dB SPL, were approximately 
0.45, 0.90, and 2.9 volts (rms). The linearity of the 
speaker (and noise generation system) was verified by 
converting the ratios of these voltages to dB to make 
certain that this value coincided with the amount of change 
(in dB) of the attenuator setting.
The spectrum of the noise was obtained by connecting 
the AC output of the measuring amplifier (Briiel & Kjaer 
Type 2610) to the input of a signal analyzer (Hewlett- 
Packard 3 561A) . The spectrum of the noise is shown in 
Figure 1 for each exposure level.
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Figure 1. Spectral characteristics of the continuous 
conditioning noise (89 dB SPL; top), the interrupted 
conditioning noise (95 dB SPL; middle), and the 
traumatizing noise (105 dB SPL; bottom) exposures. The 
graphs represent the relative intensity of the noise 
exposures (dB) plotted as a function of frequency (kHz).
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3 . 3 General surgical methods
Immediately prior to testing, the animals were 
anesthetized by administering a dose of urethane (ethyl 
carbamate, Sigma; 1.5 g/kg, i.p.), tracheotomized, and 
allowed to breathe unassisted. Supplementary doses of 
anesthetic (urethane, 1.5 g/kg) were given if necessary to 
maintain an adequate depth of anesthesia (as indicated by a 
lack of a withdrawal response to deep pressure and pain 
applied to the animal's paw). Electrocardiogram and rectal 
temperature were monitored throughout each experiment and 
temperature was maintained at 38 ± 1°C using a heating pad.
The surgical procedures used were similar to those 
described by Kujawa et a l . (1992, 1993). Briefly,
cartilaginous ear canals were exposed and partially removed 
to allow for proper placement of ear bars used to secure 
the animal in a modified Narishige stereotaxic headholder. 
This procedure also ensured optimal coupling of the sound 
delivery and response retrieval system to the test ear. 
Using a ventrolateral approach, the ipsilateral (right) 
auditory bulla was exposed and opened to gain access to the 
tendons of the middle ear muscles. These tendons were 
sectioned in all animals to prevent the involvement of 
middle ear muscle contraction on the DPOAE measurements.
The surgical procedures required approximately m  
hours to complete. All experiments were acute. At the end 
of the experiment, the head was removed from the rest of 
the body using a small guillotine to terminate the animal.
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This procedure is consistent with the recommendations of 
the Panel on Euthanasia of the American Veterinary Medical 
Association (1993).
3.4 DPOAE generation and calibration procedures
Cubic (2f1-f2) DPOAEs were elicited by the 
presentation of equilevel (L1=L2) primary tones (f2 and f2) 
at various frequencies which yielded a f2/fi ratio of 1.2. 
The primaries were generated under computer control using 
Tucker-Davis System 2 audio processing equipment. More 
specifically, the computer generated primaries were sent to 
two separate channels of a DAI Digital-to-Analog Converter 
and attenuated to desired levels using PA4 Programmable 
Attenuators. The attenuated analog signals were then sent 
to two separate channels of an anti-aliasing low-pass 
filter with a 20 kHz cutoff frequency (FT5) and then to the 
HB5 Headphone Buffer before being sent to separate speakers 
(Etymotic Research, ER-2) housed within an acoustic probe 
assembly. The acoustic probe assembly was tightly coupled 
to the right ear of each animal. DPOAEs were then detected 
by a sensitive microphone (Etymotic Research, ER-10) also 
housed within the probe assembly and amplified using a 
microphone preamplifier (Etymotic Research, ER-1072). A 
dynamic signal analyzer (Hewlett-Packard, 3561A) was used 
to average the DPOAE responses for FFT analysis and 
spectral display (25 rms averages; center frequency = DPOAE 
frequency; span = 1 kHz; bandwidth = 3.75 H z ) .
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Calibration of the primary tones was performed at the 
outset of the study and then twice a week thereafter. This 
was accomplished by coupling the acoustic probe assembly to 
a Vk inch condenser microphone (Briiel & Kjaer Type 413 5) and 
then cross-checking the output of the speakers using (1) 
the ER-10 probe microphone and (2) the B&K condenser 
microphone. The signal from the probe microphone and 
preamplifier (ER-10 and ER-1072) was sent to the signal 
analyzer and the level of each of the primary tones was 
obtained from the spectral display (center frequency = 
primary tone frequency; span = 1 kHz; bandwidth = 3.75 Hz). 
For this system, the conversion of dBV to dB SPL was 
obtained by adding 120 to the dBV value at the peak of the 
corresponding primary frequency. The signal transduced by 
the condenser microphone and preamplifier was sent to the 
measuring amplifier (Briiel & Kjaer Type 2610) and the level 
of the primary tones was indicated by the deflection of the 
needle on the meter scale (measured in dB SPL). The 
equivalence of the primary levels using both measurement 
systems was verified at each calibration session.
3.5 DPOAE input-output measurements
Cubic (2fx- f2) DPOAEs were measured for several 
combinations of f, and f2 (See Table 1). For the proposed 
experiments, the f2/fx ratio was held constant at 1.2, 
which is within the range describing the optimal frequency 
separation of f: and f2 for the guinea pig (1.2-1.3; Brown, 
1987; Brown and Gaskill, 1990). This ratio has been used
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previously in our laboratory (Kujawa et a l ., 1992, 1993) 
and has been adopted as a laboratory standard for purposes 
of comparing old and new DPOAE data. In addition, because 
the place of the DPOAEs is believed to be near, or at, the 
f2 place on the cochlear partition (Matthews and Molnar, 
1986; Brown et a l ., 1992; Allen and Fahey, 1993; Puel et 
a l . , 1995), all data were expressed as a function of f2 
rather than the actual frequency of the DPOAE. These 
particular values of f2 were chosen for study because their 
corresponding frequencies map out (in half octave steps) 
the frequency spectrum of the noise band used to expose the 
animals and the region of possible OHC loss along the 
cochlear partition.
DPOAE responses were elicited with equilevel primaries 
(LX=L2). The primary tones were presented in descending 
order, starting at a level of 70 dB SPL and decreasing in 5 
dB steps to 20 dB SPL. The amplitudes of the DPOAEs, 
defined as the spectral peak corresponding to the 2f1-f2 
frequency (as viewed on the signal analyzer), were recorded 
manually in dBV from the FFT spectra (25 averages) and 
later converted to dB SPL (re: 20 /jlPa) . Plots of primary 
level vs. DPOAE amplitude (amplitude growth functions) were 
generated.
3.6 Experimental design and noise exposure protocols
The experiment was designed to examine the effects of 
a high-level (traumatizing) noise exposure on DPOAE 
amplitude growth functions in animals that have been
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conditioned with moderate-level continuous or interrupted 
noise (with similar spectral characteristics and equivalent 
acoustic energy). The changes in the DPOAE amplitude 
growth functions measured in both conditioned groups after 
the subsequent high-level exposure were then compared to 
the amplitude growth functions measured in animals exposed 
only to the traumatizing exposure. The results of this 
series of experiments should agree with the previous 
reports which demonstrate that prior conditioning of the 
auditory system provides protection against later damaging 
exposures (Canlon et al, 1988; Campo et a l ., 1991). More 
importantly, the results should demonstrate that a 
difference exists in the amount of protection afforded by 
the two conditioning exposure schedules. Specifically, the 
periods of rest during the interrupted exposure might allow 
partial recovery thus providing additional protection to 
the auditory system.
Guinea pigs were randomly assigned to one of six 
groups (n=14/group). Group assignments were as follows:
Aged Normal Group (Unexposed) - The animals in this 
group were housed and cared for in the Animal Care facility 
for 7-8 weeks prior to being tested. The level of the 
ambient noise within this facility was usually between 40 
and 50 dB SPL (A-scale). However, during a & hour period 
each day when the cages were being cleaned, this level 
could be as high as 80 to 90 dB SPL (A-scale).
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Continuous Conditioning Group - The animals in this 
group were exposed continuously for 11 days to an 89 dB SPL 
(A-scale) octave band noise (1-2 kHz). These animals were 
tested within 2 hours after their removal from the noise 
exposure booth. This 2 hours represented the time needed 
for surgical manipulation (approximately 1% hours) plus a H 
hour recovery period from the surgery.
Interrupted Conditioning Group - The animals in this 
group were exposed to a 95 dB SPL (A-scale) octave band 
noise (1-2 kHz) 6 hours per day for 11 days (6 hrs "on"/18 
hrs "off"). These animals were tested within 2 hours after 
their removal from the noise exposure booth. This 2 hours 
represented the time needed for surgical manipulation 
(approximately 1% hours) plus a M hour recovery period from 
the surgery.
Continuous Conditioning, then Blast Group - The
animals in this group were exposed continuously for 11 days 
to an 89 dB SPL octave band noise (1-2 kHz), given 1 week 
to recover at Louisiana State University Medical Center's 
Animal Care facility, exposed continuously to a 105 dB SPL 
(A-scale, 1-2 kHz) for 3 days, and then allowed to recover 
for 4 weeks in the Animal Care facility before being 
tested.
Interrupted Conditioning, then Blast Group - The
animals in this group were exposed 6 hours per day for 11 
days to a 95 dB SPL octave band noise (1-2 kHz; 6 hours 
"on"/18 hours "off"), given 1 week to recover at Louisiana
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
State University Medical Center's Animal Care facility, 
exposed continuously to a 105 dB SPL (A-scale, 1-2 kHz) for 
3 days, and then allowed to recover for 4 weeks in the
Animal Care facility before being tested.
Control/Blast Only Group - The animals in this group 
were exposed only to the 105 dB SPL (A-scale, 1-2 kHz) for 
3 days, and then allowed to recover for 4 weeks in the
Animal Care facility before being tested. The amount of
time these animals spent in the facility prior to exposure 
was such that the time required to condition the animals in 
the other groups (11 days) and allow them to recover (1 
week) were equivalent.
The design of this experiment is illustrated in Table
2 .
3 . 7 Data management and analysis
Statistical analysis of the data was performed using
$ <5>SigmaStat Statistical Software (Version 2.0 for Windows 
95, NT, & 3.1; Jandel Scientific Corporation). The 
response measurements (DPOAE amplitude growth functions) of 
all exposure groups were analyzed using a between-group, 
three-way (exposure group x frequency x primary level) 
analysis of variance (ANOVA) procedure. The Tukey multiple 
comparisons (post hoc) test was performed when significant 
differences were found. P values less than 0.05 were 
considered statistically significant.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5 5
Table 2. Experimental design
E R Xx 0
E R x2 0
C R x3 0
Abbreviations:
E = Experimental group (n=14/group)
C = Control group (n=14)
R = Subjects will be randomly assigned 
Treatments:
X,_ = Continuous Conditioning, then Blast Group 
X2 = Interrupted Conditioning, then Blast Group 
X3 = Control/Blast Only Group
0 = Response measurements (DPOAE amplitude growth 
functions)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 4 
RESULTS
The response measurements (DPOAE amplitude growth 
functions) of all exposure groups are presented in Appendix 
A (individual animal data) and Appendix B (mean ± standard 
error (S.E.) data). Data were analyzed using a three-way 
(Exposure Group x Frequency x Intensity) ANOVA. Focus was 
placed on answering two major experimental questions: (1)
What was the effect of the sound conditioning protocols 
(continuous vs. interrupted) on DPOAE amplitude growth 
functions; and (2) Did prior sound conditioning provide 
protection against the damaging effects of the traumatizing 
noise exposure, and if so, was one sound conditioning 
protocol more effective?
4.1 Effects of the sound conditioning exposure protocols 
on DPOAE responses
The DPOAE amplitude growth functions shown in Figure 2 
(a-i) represent the average responses (mean ± S.E.; n=14) 
of the Continuous Conditioning Group (open down-triangles) 
and the Interrupted Conditioning Group (open circles).
These are plotted in contrast with the average responses 
(mean ± S.E.; n=14) of the Aged Normal Group (filled 
circles) to demonstrate the effect of both sound 
conditioning protocols on normal DPOAE responses and to 
compare the effects of the two different schedules of 
conditioning noise.
All main effects (Group, Frequency, Intensity) and 
interactions of this analysis were statistically
56
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Figure 2a. The effect of sound conditioning on DPOAE 
responses at f2 = 707 Hz. DPOAE amplitude growth functions 
obtained from the Continuous Conditioning Group (n=14; open 
down-triangles) and the Interrupted Conditioning Group 
(n=14; open circles) are plotted along with the functions 
of the Aged Normal Group (n=14; closed circles). Data are 
presented as mean DPOAE amplitude ± S.E. as a function of 
primary level (20-70 dB SPL).
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Figure 2b. The effect of sound conditioning on DPOAE 
responses at f2 = 1000 Hz. For additional information, see 
legend for Figure 2a.
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Figure 2c. The effect of sound conditioning on DPOAE 
responses at f2 = 1414 Hz. For additional information, see 
legend for Figure 2a.
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Figure 2d. The effect of sound conditioning on DPOAE 
responses at f2 = 2000 Hz. For additional information, see 
legend for Figure 2a.
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Figure 2e. The effect of sound conditioning on DPOAE 
responses at f2 = 2828 Hz. For additional information, see 
legend for Figure 2a.














♦ Aged Normals 
O Interrupted Conditioning 
v  Continuous Conditioning
(n=14/group)
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Primary Level (dB SPL)
Figure 2f. The effect of sound conditioning on DPOAE 
responses at f2 = 4000 Hz. For additional information, see 
legend for Figure 2a.
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♦ Aged Normals 
O Interrupted Conditioning 
v  Continuous Conditioning
(n=1+/group)
20 30 40 50 60 70
Primary Level (dB SPL)
Figure 2g. The effect of sound conditioning on DPOAE 
responses at f2 = 5656 Hz. For additional information, see 
legend for Figure 2a.
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Figure 2h. The effect of sound conditioning on DPOAE 
responses at f2 = 8000 Hz. For additional information, see 
legend for Figure 2a.
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Figure 2i. The effect of sound conditioning on DPOAE 
responses at f2 = 11312 Hz. For additional information, 
see legend for Figure 2a.
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significant (PcO.OOl; see Table 3). When the interactions 
between the factors were examined more thoroughly, it was 
found that (1) the effects of the Group x Frequency 
interaction depended on the intensity level of the 
primaries; and (2) the effects of the Group x Intensity 
interaction depended on the frequency of f2. There was not 
a significant Group x Frequency interaction when the 
intensity of the primary tones was 20 dB (P = 1.000); 
however, this interaction was significant at all other 
intensity levels. In addition, there were not significant 
Group x Intensity interactions when the frequency of f2 was 
8000 (P = 0.826) and 11312 Hz (P = 0.997), whereas 
significant interactions were found at all other f2 
frequencies. Table 4 (a-h) specifies where the significant 
differences between the exposure groups occurred according 
to the frequency of f2 and the intensity level of the 
primary tones.
4.2 Effects of the traumatizing noise exposure on the 
DPOAE responses of unconditioned and sound conditioned 
animals
The DPOAE amplitude growth functions shown in Figure 3 
(a-i) represent the average responses (mean ± S.E.; n=14) 
of the Blast Only Group (open up-triangles), the Continuous 
Conditioning then Blast Group (open squares), and the 
Interrupted Conditioning then Blast Group (open diamonds). 
These are plotted together to illustrate the effects of the 
traumatizing noise exposure in both unconditioned and sound 
conditioned animals.

















Table 3. Three-way ANOVA Table - Analysis of the effects of the sound conditioning 
exposure protocols on DPOAE responses.
Source of Variation DF SS MS F P
Group 2 19841.305 9920.653 1086.330 <0.001
Frequency 8 154540.678 19317.585 2115.312 <0 . 001
Intensity 10 753861.025 75386.102 8254 . 922 <0 . 001
Group x Frequency 16 8121.907 507.619 55.585 <0 . 001
Group x Intensity 20 6185.073 309 .254 33.864 <0 . 001
Frequency x Intensity 80 44074.391 550 . 930 60 . 328 <0.001
Group x Frequency x 
Intensity 160 11017.196 68.857 7.540 <0.001
Residual 3861 35259.658 9 . 132
Total 4157 1032901.233 248.473
cn
6 8
Table 4a. Summary of the Tukey multiple comparison test 
results for the main effect of intensity found for DPOAE 
responses when f2 = 707 Hz for the Aged Normal (AGE) , 
Continuous (CON) and Interrupted (INT) Conditioning Groups.
Intensity Comparison
Diff of 
Means P q P<0.05
40 dB AGE v s . CON 5 . 004 3 6.195 Yes
AGE vs . INT 0 . 729 3 0.902 Yes
INT v s . CON 4 .275 3 5 .293 Yes
: J%4* a SiJSi&iiSBiiiiiSsiiiJSii* t Z v'S ' ̂ / A  ' ' f s SS f */
45 dB AGE v s . CON 7.558 3 9.358 Yes
AGE vs. INT 0.290 3 0.359 No
INT v s . CON 7 .268 3 8.999 Yes
i i f i i i i i i t p ®
' ' f , 'J4
V - ,
M  * /* ■*% ; * '
50 dB INT v s . CON 7.383 3 9.141 Yes
INT v s . AGE 2 . 859 3 3 .540 Yes
AGE v s . CON 4 . 524 3 5.601 Yes
l l l l l l l lP l ✓ ✓ ■
55 dB INT v s . CON 7.446 3 9.220 Yes
INT vs . AGE 6.524 3 8 . 077 Yes
AGE v s . CON 0 . 923 3 1.143 Yes
l l l l i l l l
I l l g l l i l i l
l l l l l l l l l l * * f f *.
* *  ' ' A 
t «* •*  ̂ ;
60 dB AGE v s . CON 7.415 3 9.181 Yes
AGE v s . INT 2 .470 3 3 . 058 Yes
INT vs. CON 4 . 945 3 6.123 Yes
;  "i '  ' /  ̂v  ■ i t i i i
, ' '
65 dB AGE v s . CON 6.526 3 8 . 080 Yes
AGE vs. INT 5.354 3 6.629 Yes
INT v s . CON 1.171 3 1.450 Yes
- //* •
.'-yi.
70 dB AGE v s . INT 5.616 3 6 . 953 Yes
AGE v s . CON 4.223 3 5 . 229 Yes
CON vs. INT 1.393 3 1.725 Yes
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Table 4b. Summary of the Tukey multiple comparison test 
results for the main effect of intensity found for DPOAE 
responses when f2 = 1000 Hz for the Aged Normal (AGE) , 
Continuous (CON) and Interrupted (INT) Conditioning Groups.
Intensity Comparison
Diff of 
Means P q P<0.05
40 dB AGE vs. CON 5 .143 3 6.368 Yes
AGE vs. INT 2 . 020 3 2.501 Yes
INT vs. CON 3 .123 3 3 .867 Yes
j.V^AV.V.Jv.V.V.VA/AVAV^.'A'.’Mj
45 dB AGE vs. CON 8 . 882 3 10.997 Yes
AGE v s . INT 1.744 3 2.160 Yes
INT vs. CON 7.138 3 8.838 Yes
f t
5 //, 'iff- B .5W 5W 55Rr«Ki»Mr«;SS*rwSK:
50 dB INT vs. CON 9.345 3 11.571 Yes
INT vs. AGE 1. 792 3 2.219 Yes
AGE vs. CON 7.553 3 9.352 Yes
U '  ” y *
' . * * * *  . ' m  w  /
: - ■ >  W  *> £
. . v. :
v r
y
M i i M P H i
l A i i i t e
55 dB INT vs. AGE 9.379 3 11.612 Yes
INT vs. CON 7.143 3 8.844 Yes
CON vs. AGE 2.236 3 2.768 Yes
" X;  ̂ 'A* 
f-i / J; . " / % ; , M
' o  ' m  
y & i  v ?-* «
60 dB INT vs. AGE 5 . 061 3 6.266 Yes
INT vs. CON 4 .143 3 5 .129 Yes
CON vs. AGE 0 . 918 3 1.136 Yes
f '/ ) ' ' ' S F </*A <\ *> V  '. . *“ ::& / A A Jt 'a ̂ . <r.vV.vS A / A.- % A f  •/, ■* C/X V ■> .■ * sS sS. * /$*, * + * t<f*
65 dB AGE vs. CON 6.331 3 7.838 Yes
AGE vs. INT 5.256 3 6.508 Yes
INT vs. CON 1. 074 3 1.330 Yes
<Aty-VM
* + f M  f' A W  M
'A!'/ ' 'At '•  ̂ * /■* S '« s :
70 dB AGE vs. INT 8.145 3 10.085 Yes
AGE vs. CON 6 . 912 3 8 .558 Yes
CON vs. INT 1.233 3 1.526 Yes
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Table 4c. Summary of the Tukey multiple comparison test 
results for the main effect of intensity found for DPOAE 
responses when f2 = 1414 Hz for the Aged Normal (AGE) , 
Continuous (CON) and Interrupted (INT) Conditioning Groups
Intensity Comparison
Diff of 
Means P q P<0.05
40 dB AGE vs. CON 6.264 3 7.755 Yes
AGE v s . INT 5 . 008 3 6.201 Yes
INT vs. CON 1.256 3 1.555 Yes
, ' t  t t y  t t t v w t
m m , ,
tk>w m m mv  i* £ I M ,  ' " s i
s t ' s *  s  s ' i  
* + t  J '  s s s
45 dB AGE vs. CON 11.378 3 14.088 Yes
AGE v s . INT 7.756 3 9 .604 Yes
INT vs. CON 3 .621 3 4 .484 Yes
” I " ; ' »' ' i  ' ‘> ' '  ' ' s  $ 
s  s ' S ' s ' ^ ' ^ ' s  $  f  
t  s # >  ' ' / ' h / s ' S
m M m m m " ,
- ,
50 dB AGE vs. CON 12.416 3 15.373 Yes
AGE VS. INT 5 .889 3 7.291 Yes
INT vs. CON 6 .527 3 8 . 082 Yes
..............
sip;




sX f i  S t s ,
s  's 's  \  <  4 * t  f  s . 
'?$#;/'
' t  s ' '  S  '  '  
<tsSs ' '  < s . '  s ' "
55 dB AGE VS. CON 7.759 3 9.606 Yes
AGE VS. INT 2 . 099 3 2 .599 Yes
INT vs. CON 5.659 3 7.007 Yes
w£;
s
s'" s  ^ * s  SS,SS
' ' ' s '  ' S " ' s
60 dB AGE VS. CON 5 .525 3 6.841 Yes
AGE v s . INT 2 .114 3 2 .617 Yes
INT vs. CON 3 .411 3 4 .224 Yes
..W P W H A w t f *'&/
y  i .......
<^s> s  f e s ' '  . S ' ■> ' S  ?  X s s $ "*s 's' s ■ Sss. t  SfXsts s ;
■\ * s ''V ,  V' s t"s s 'y
i s  v S<y*
65 dB AGE vs. CON 10 . 359 3 12 .826 Yes
AGE vs. INT 7 .484 3 9 .267 Yes
INT vs. CON 2 . 874 3 3 .559 Yes
70 dB AGE vs. CON 13.769 3 17.048 Yes
AGE vs. INT 7 . 061 3 8 .743 Yes
INT vs. CON 6 . 707 3 8 .304 Yes
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Table 4d. Summary of the Tukey multiple comparison test 
results for the main effect of intensity found for DPOAE 
responses when f2 = 2000 Hz for the Aged Normal (AGE) , 
Continuous (CON) and Interrupted (INT) Conditioning Groups
Intensity Comparison
Diff of 
Means P q P<0.05
40 dB AGE v s . CON 6.802 3 8 .422 Yes
AGE v s . INT 6.526 3 8 . 081 Yes
INT vs. CON 0 .276 3 0 .341 No
m m m m
45 dB AGE v s . CON 12 .636 3 15 645 Yes
AGE v s . INT 11 .275 3 13 960 Yes
INT v s . CON 1 .361 3 1. 685 Yes
* * ✓ '* f ■* f ' m
ifii
Ifill B
50 dB AGE v s . CON 17 074 3 21. 140 Yes
AGE v s . INT 13 582 3 16. 817 Yes
INT v s . CON 3 491 3 4 323 Yes
m i l ® f - ' li illisifflilsi::!:!
55 dB AGE v s . CON 18 197 3 22 .531 Yes
AGE v s . INT 11 223 3 13 .896 Yes
INT v s . CON 6. 974 3 8. 635 Yes
ydc'K? '/'MMPilljBIBBI jjgS ■ ■ 1
60 dB AGE v s . CON 13 898 3 17. 208 Yes
AGE v s . INT 8 .347 3 10 .335 Yes
INT v s . CON 5. 551 3 6. 873 Yes
B i l l %  5
,„,w
/A- A  -"' . - s.# -,
65 dB AGE v s . CON 10 .544 3 13 .055 Yes
AGE v s . INT 7. 884 3 9 .761 Yes
INT v s . CON 2 .660 3 3 .293 Yes
ifiPitiii ' WMMim s
70 dB AGE v s . CON 10. 265 3 12 .710 Yes
AGE v s . INT 8 .836 3 10 .940 Yes
INT v s . CON 1. 429 3 1. 770 Yes
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Table 4e. Summary of the Tukey multiple comparison test 
results for the main effect of intensity found for DPOAE 
responses when f2 = 2828 Hz for the Aged Normal (AGE), 
Continuous (CON) and Interrupted (INT) Conditioning Groups.
Intensity Comparison
Diff of 
Means P q P<0.05
40 dB AGE vs. CON 9.269 3 11.476 Yes
AGE vs. INT 8 .093 3 10 .020 Yes
INT vs. CON 1.176 3 1.456 Yes
H H I iB IitM iilliil IP
45 dB AGE vs. CON 12.622 3 15.628 Yes
AGE v s . INT 10 .896 3 13 .491 Yes
INT vs. CON 1.726 3 2.138 Yes
50 dB AGE v s . CON 16.388 3 20 .291 Yes
AGE vs . INT 12.972 3 16.062 Yes
INT vs. CON 3 .416 3 4 .229 Yes
W^MWM§WW4} 'r"h- > — IP111
55 dB AGE vs. CON 16.540 3 20 .479 Yes
AGE vs. INT 12.654 3 15.667 Yes
INT vs. CON 3 .886 3 4 .812 Yes
;y i'V U i V -<•
60 dB AGE vs. CON 15.026 3 18.604 Yes
AGE v s . INT 13.200 3 16.344 Yes
INT vs. CON 1. 826 3 2 .261 Yes
r '1/,''}”'
65 dB AGE vs . INT 13.172 3 16.309 Yes
AGE vs. CON 12 .049 3 14.918 Yes
CON vs. INT 1.124 3 1.391 Yes
i * : •
,' V,*'
70 dB AGE vs. INT 8 .112 3 10.044 Yes
AGE vs. CON 4 . 020 3 4 . 977 Yes
CON vs. INT 4 .092 3 5.067 Yes
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Table 4f. Summary of the Tukey multiple comparison test 
results for the main effect of intensity found for DPOAE 
responses when f2 = 4000 Hz for the Aged Normal (AGE) , 






25 dB AGE v s . CON 4.665 3 5.776 Yes
AGE v s . INT 3 . 944 3 4.883 Yes
INT vs. CON 0.721 3 0.893 Yes
m u m I P fR i h m h ililiilllilii
30 dB AGE v s . CON 5.883 3 7 .284 Yes
AGE v s . INT 5.504 3 6 .814 Yes
INT vs. CON 0.379 3 0 .470 No
m m m m tin
mf M M m U i ■ H U H
35 dB AGE v s . CON 11.480 3 14.214 Yes
AGE v s . INT 11.306 3 13.999 Yes
INT vs. CON 0.174 3 0.215 No
/■., , v |
/A AA? :|||m m m * '*ts t*i.r a j i « ,Xw«̂.*S%v.wiv.<v.vwiWrtwJ’X
40 dB AGE vs. INT 15.009 3 18.584 Yes
AGE v s . CON 14 .489 3 17.939 Yes
CON vs. INT 0.521 3 0.645 No
llflllplllli
45 dB AGE v s . INT 16.601 3 20.555 Yes
AGE v s . CON 15.216 3 18 .840 Yes
CON V S . INT 1.385 3 1.715 Yes
* * * * 
' ' S
' '%iy< f| a a — illillill
50 dB AGE V S . CON 14 .889 3 18.435 Yes
AGE V S . INT 14.185 3 17.563 Yes
INT vs. CON 0.704 3 0.872 Yes
(table con'd.)




Means P q P<0.05
55 dB AGE vs. CON 12.111 3 14.996 Yes
AGE v s . INT 10 .225 3 12.660 Yes
INT vs. CON 1.886 3 2.336 Yes
v •* * * : / / ■’ / . / ̂ !
B B B S H M j
60 dB AGE v s . INT 8 .098 3 10.026 Yes
AGE vs. CON 7.742 3 9.586 Yes
CON vs. INT 0.356 3 0.440 No
i ■" V*' * < * { '1'fi;
S' ' B B — n w m — ! ■ ■ ■ ■
65 dB AGE vs. INT 4 . 786 3 5.925 Yes
AGE vs. CON 4 .591 3 5.685 Yes
CON vs. INT 0 .194 3 0.241 No
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Table 4g. Summary of the Tukey multiple comparison test 
results for the main effect of intensity found for DPOAE 
responses when f2 = 5656 Hz for the Aged Normal (AGE) , 
Continuous (CON) and Interrupted (INT) Conditioning Groups
Intensity
r  .. _
Comparison
Diff of 
Means P q P<0.05
25 dB AGE vs. CON 5 .111 3 6.329 Yes
AGE v s . INT 2 .313 3 2 .864 Yes
INT vs. CON 2 .799 3 3 .465 Yes
iiiili ■; /# //"S' - "4 /-?" !pt| ?*' <$$■mm I I I H I I I
30 dB AGE vs. CON 8 .443 3 10 .454 Yes
AGE v s . INT 4 .326 3 5.356 Yes
INT vs. CON 4.117 3 5 . 098 Yes
ku-<4,
35 dB AGE vs. CON 8.314 3 10.294 Yes
AGE v s . INT 5 . 602 3 6. 936 Yes
INT vs. CON 2 . 712 3 3 .358 Yes
. * * * t * Vi v; m
40 dB AGE vs. CON 7.693 3 9 . 525 Yes
AGE v s . INT 6.362 3 7.877 Yes
INT vs. CON 1.331 3 1.648 Yes
* * * * * , ' !
45 dB AGE vs. CON 7.551 3 9 .349 Yes
AGE v s . INT 5 . 940 3 7.355 Yes
INT vs. CON 1.611 3 1.994 Yes
V * :
•PS - ✓ , * / , *  f, , i, * * ****** * / ***
50 dB AGE vs. CON 7.742 3 9.586 Yes
AGE v s . INT 5.653 3 6.999 Yes
INT vs. CON 2 . 089 3 2 . 587 Yes
(table con'd.)




Means P q P<0 .05
55 dB AGE v s . CON 6.752 3 8 .360 Yes
AGE v s . INT 5.337 3 6 . 608 Yes
INT vs. CON 1.415 3 1.752 Yes
*•s f •> *
■>ys.v.'4 
: *s
;<•'/ %''? s'/ft' ''■£ ' / ”  fS* •. *
60 dB AGE vs. CON 5.608 3 6 . 943 Yes
AGE v s . INT 3 .959 3 4 . 902 Yes
INT vs. CON 1.649 3 2 . 041 Yes
¥/***
.'.vs.-tyy.
y"v,'\/,v, , " / . t s V , ; : * * , +
65 dB AGE vs. CON 5 . 044 3 6.246 Yes
AGE v s . INT 2.828 3 3 .501 Yes
INT vs. CON 2 .216 6 2 . 744 Yes
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Table 4h. Summary of the Tukey multiple comparison test 
results for the main effect of intensity found for DPOAE 
responses when f2 = 8000 Hz for the Aged Normal (AGE) , 
Continuous (CON) and Interrupted (INT) Conditioning Groups.
Intensity Comparison
Diff of 
Means P q P<0.05
30 dB INT vs. CON 4 .719 3 5 . 843 Yes
INT vs. AGE 1.215 3 1.504 Yes
AGE v s . CON 3 .504 3 4 .339 Yes
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All main effects (Group, Frequency, and Intensity) of 
this analysis were statistically significant (see Table 5). 
The intergroup differences that were statistically 
significant are listed in Table 6. When the interactions 
between the factors were examined more thoroughly, it was 
found that there was a statistically significant 
interaction between Group and Frequency. Table 7 specifies 
where the differences between the exposure groups occurred 
according to the frequency of f2 when pooling the data 
across intensity.
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a  Blast Only
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Figure 3a. The effect of the traumatizing noise exposure 
on the DPOAE responses of unconditioned and sound 
conditioned animals at f2 = 707 Hz. The individual plots 
represent the DPOAE amplitude growth functions obtained 
from the Blast Only Group (n=14; open up-triangles), the 
Continuous Conditioning then Blast Group (n=14; open 
squares), and the Interrupted Conditioning then Blast Group 
(n=14; open diamonds). Data are presented as mean DPOAE 
amplitude ± S.E. as a function of primary level (20-70 dB 
SPL) .
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Figure 3b. The effect of the traumatizing noise exposure 
on DPOAE responses of unconditioned and sound conditioned 
animals at f, = 1000 Hz. For additional information, see 
legend for Figure 3a.
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Figure 3c. The effect of the traumatizing exposure on 
DPOAE responses of unconditioned and sound conditioned 
animals at f2 = 1414 Hz. For additional information, see 
legend for Figure 3a.
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Figure 3d. The effect of the traumatizing exposure on 
DPOAE responses of unconditioned and sound conditioned 
animals at f2 = 2000 Hz. For additional information, see 
legend for Figure 3a.
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Figure 3e. The effect of the traumatizing exposure on 
DPOAE responses of unconditioned and sound conditioned 
animals at f2 = 2828 Hz. For additional information, see 
legend for Figure 3a.
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I
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Figure 3f. The effect of the traumatizing exposure on 
DPOAE responses of unconditioned and sound conditioned 
animals at f, = 4000 Hz. For additional information, see 
legend for Figure 3a.
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Figure 3g. The effect of the traumatizing exposure on 
DPOAE responses of unconditioned and sound conditioned 
animals at f2 = 5656 Hz. For additional information, see 
legend for Figure 3a.
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Figure 3h. The effect of the traumatizing exposure on 
DPOAE responses of unconditioned and sound conditioned 
animals at f2 = 8000 Hz. For additional information, see 
legend for Figure 3a.
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Figure 3i. The effect of the traumatizing exposure on 
DPOAE responses of unconditioned and sound conditioned 
animals at f2 = 11312 Hz. For additional information, see 
legend for Figure 3a.

















Table 5. Three-way ANOVA Table - Analysis of the effects of the traumatizing noise 
exposure on the DPOAE responses of unconditioned and sound conditioned animals
Source of Variation DF SS MS F P
Group 2 122 . 143 61.071 4 .206 0 . 015
Frequency 8 174876.183 21859.523 1505.503 <0.001
Intensity 10 544033 .100 54403.310 3746.849 <0.001
Group x Frequency 16 2422.114 151.382 10.426 <0.001
Group x Intensity 20 360 . 915 18.046 1. 243 0.208
Frequency x Intensity 80 64228.480 802.856 55.294 <0.001
Group x Frequency x 
Intensity 160 2331.570 14.572 1. 004 0 .473
Residual 3861 56060.757 14.520




Table 6. Summary of the Tukey multiple comparison test 
results for the main effect of Group found for DPOAE 
responses when pooling the data across Frequency and 
Intensity for the Blast Only (BLA), Continuous Conditioning 
then Blast (C&B), and Interrupted Conditioning then Blast 
(I&B) Groups.
Comparison Diff of Means P q P<0.05
I&B vs. C&B 0 .401 3 3 . 919 Yes
I&B vs. BLA 0.0931 3 0 . 910 Yes
BLA v s . C&B 0 .308 3 3 .009 Yes
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Table 7. Summary of the Tukey multiple comparison test 
results for the Group x Frequency interaction found for 
DPOAE responses when pooling the data across Intensity for 
the Blast Only (BLA), Continuous Conditioning then Blast 




Means P q P<0.05
707 Hz BLA v s . I &B 1.534 3 4 . 997 Yes
BLA v s . C&B 0.871 3 2.838 Yes
C&B vs. I&B 0 .663 3 2.159 Yes
:■* ** ./ ' ' " ' A.
„ ' s'
'  f S t  * s  '
1000 Hz BLA vs. I&B 2 .121 3 6.908 Yes
BLA v s . C&B 1.084 3 3 .529 Yes
C&B vs. I&B 1.037 3 3 .379 Yes
'■ -
8000 Hz BLA vs. I&B 4 . 887 3 8.312 Yes
BLA v s . C&B 2.143 3 3 . 645 Yes
C&B vs. I&B 2 .744 3 4 .667 Yes
11312 Hz BLA vs. I&B 5 .148 3 8 .756 Yes
BLA v s . C&B 2 .102 3 3 .576 Yes
C&B vs. I&B 3 .046 3 5 .180 Yes
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CHAPTER 5 
DISCUSSION
Prior exposure to moderate-level acoustic stimulation 
(i.e., sound conditioning) has been shown to reduce (and in 
some instances prevent) the deleterious effects of 
subsequent higher level (and usually damaging) exposures 
(Canlon et a l ., 1988, 1992; Campo et a l ., 1991; Henderson 
et a l ., 1992; Ryan et al ., 1994) . Both continuous and 
interrupted schedules of moderate-level noise have been 
used as conditioning exposures and both have been effective 
in providing protection against subsequent noise trauma. 
However, there is evidence to suggest that (1) continuous 
noise exposures are more damaging to the cochlea than 
interrupted exposures of equal acoustic energy (Bohne et 
a l ., 1985, 1987; Fredelius and Wersall, 1992), and (2) 
continuous and interrupted noise exposures differ in the 
pattern of auditory sensitivity change that they produce 
over time (i.e., asymptotic threshold shift vs. toughening; 
Carder and Miller, 1972; Miller et al., 1963). A question 
arises as to whether there are differences in the amount of 
protection afforded by prior conditioning of the auditory 
system with a moderate-level continuous or interrupted 
noise exposure schedule.
The purpose of this study was to test the hypothesis 
that differences exist in the amount of protection provided 
by prior sound conditioning with continuous versus 
interrupted, moderate-level noise. These differences were
91
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determined by monitoring the changes that occurred in 
distortion product otoacoustic emission (DPOAE) amplitude 
growth functions after a subsequent higher level 
traumatizing exposure in guinea pigs (Cavia cobaya) 
conditioned with either continuous or interrupted noise. 
DPOAEs were chosen for study because they are believed to 
reflect the mechanical properties of the cochlea, 
particularly as related to the status of outer hair cell 
(OHC) function (Mountain, 1980; Siegel and Kim, 1982;
Siegel et a l . , 1982). Both conditioning exposure schedules 
had the same total acoustic energy consistent with the 
Equal Energy Hypothesis (EEH; Eldred et a l ., 1955). This 
equal energy requirement was important in the design of the 
current experiment because it yielded noise exposures that 
(in theory) differed only in their temporal pattern.
The major results of this study demonstrating the 
effects of the sound conditioning exposures, the effects of 
the traumatizing noise exposure, and the effects of various 
combinations of the sound conditioning and traumatizing 
noise exposures on DPOAE amplitude growth functions are 
summarized below:
(1) The interrupted sound conditioning noise exposure 
was significantly less damaging to the cochlea than the 
continuous conditioning noise. This result does not 
support the validity of the EEH which assumes that the 
cumulative damage to the auditory system is a function of
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the total acoustic energy received, regardless of the 
distribution of energy over time.
(2) Overall, there were significant differences 
between the groups of animals exposed to the traumatizing 
noise exposure (unconditioned vs. conditioned). 
Specifically, there was some amount of protection afforded 
by prior sound conditioning with the interrupted moderate- 
level noise exposure used in this study. However, the 
overall effect of the continuous sound conditioning 
protocol seemed to render the auditory system more 
susceptible to the traumatizing noise exposure when 
compared with the DPOAE responses of the unconditioned 
group.
(3) Sound conditioning with the interrupted, moderate- 
level noise prior to exposure to the traumatic noise 
produced a dual effect on the DPOAE responses depending 
upon the f2 test frequency. The results revealed an 
apparent trend towards an increased susceptibility to the 
traumatizing noise exposure in the sound conditioned 
animals in the lower test frequency range (f2 = 707-2000 
Hz) and some degree of protection in the test frequency 
range spanning f2 frequencies of 2828-11312 Hz.
5.1 Baseline DPOAE responses
A thorough examination of the DPOAE amplitude growth 
functions in aged normal guinea pigs was first performed to 
establish the baseline responses for the DPOAE parameters 
(e.g., f2/fL ratio and f2 test frequencies) used in this
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study. The mean DPOAE amplitude growth functions obtained 
from the Aged Normal Group (Figure 2 (a-i), filled circles) 
were relatively consistent with the normative DPOAE results 
of other studies that used guinea pigs as experimental 
subjects (Brown, 1987; Brown and Gaskill, 1990). The DPOAE 
amplitudes were generally 30-50 dB SPL below the level of 
the primary tones at each of the intensity levels and each 
frequency tested. Although there were instances where the 
amplitude growth functions were highly nonmonotonic (e.g., 
f2 = 707- and 1000 Hz), the overall growth rate of the 
distortion product amplitudes was approximately linear 
(i.e., a 1 dB increase in DPOAE amplitude for every 1 dB 
increase in primary level).
The variability of the amplitude growth functions 
across animals was small at each frequency tested, with 
standard deviations of usually less than 3 d B . However, 
there was a tendency for increased variability for the 
lower frequency DPOAEs (f2 = 707-, 1000-, and 1414 Hz), 
especially in the highly nonmonotonic regions of the 
amplitude growth functions (primary tones ranging from 45 
to 65 dB SPL). In such cases, the standard deviations were 
no more than 6.5 d B . When the frequency of f2 was 2828-, 
4000-, and 5656 Hz, an increase in intersubject variability 
also occurred in the region of the DPOAE amplitude growth 
functions generated by high-level primary tones (60-70 dB 
SPL) . In this intensity region, the growth functions of
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many guinea pigs within this group exhibited rollover; 
however, the standard deviations still did not exceed 5 dB. 
5.2 Effects of sound conditioning on DPOAE responses
5.2.1 Continuous sound conditioning
The animals subjected to the continuous sound 
conditioning protocol were exposed to an 89 dB SPL octave 
band noise (1.0-2.0 kHz) presented 24 hours per day for 11 
consecutive days. The mean DPOAE amplitude growth 
functions obtained from the Continuous Conditioning Group 
are shown in Figure 2 (a-i; open down triangles). In order 
to better describe the effects of continuous sound 
conditioning on DPOAE responses, the differences in the 
amplitude growth functions between the Aged Normal Group 
(filled circles) and the Continuous Conditioning Group were 
obtained by subtracting the average DPOAE amplitudes of the 
sound conditioned group from the baseline DPOAE responses. 
The mean DPOAE amplitude differences between the two groups 
at each primary level and frequency are listed in Table 8. 
The shaded area of the table designates where statistically 
significant differences occurred between the groups as 
determined by the results of Tukey multiple comparisons 
tests (P < 0.05). Figure 4 provides a graphical 
representation of the mean amplitude differences between 
the two groups (in dB) plotted as a function of frequency 
for several different primary intensity levels (40-70 dB 
SPL). The positive excursions from zero represent the 
magnitude of the amplitude reductions induced by the noise
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20 -0.36 0.29 0 .16 0 .16 -0 . 07 0 . 38 1. 09 0.86 1.06
25 -0.11 0 .15 0 .15 -0.25 0 .24 1.82 5,12 2.74 2.34
30 0 .52 0 .10 0.27 0 . 70 0 . 60 5,88 ; ! 3.51 2 . 14
35 1.28 1. 65 0 . 92 1. 70 4 . 00 11.48 8.32 2 . 97 1. 83
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45 7,58 1 11,38 12.64 WMWFi 15.22 2 . 04 1 .26
50 812.42 8 17.08 14.89 7.74 2 . 07 1. 24
55 0.92 -2.24 7.76 18.2Q 16.54 12.12 6.75 2 . 85 1. 96
60 7.41 -0.92 5.53 13.90 15.03 7.74 5.61 2 .44 2 . 91
65 6.52 6,33 10.36 10,54 12,04 4.59 5.04 1.51 1.81
70 4,22 6.91 13,77 10.26 4.02 -0 .56 3 .06 1.44 0.75
The shaded area represents statistically significant differences between the Aged Normal
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Figure 4. The effect of continuous sound conditioning on normal DPOAE responses. Data 
are presented as the mean amplitude differences between the Aged Normal Group and the 
Continuous Conditioning Group (in dB) plotted as a function of frequency (0.707-11.312 
kHz) for several different primary intensity levels (40-70 dB SPL; inset).
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exposure, whereas the negative excursions from zero show 
where the magnitude of the DPOAE responses were actually 
larger in the exposed group than in the unexposed controls.
The continuous conditioning exposure caused reductions 
in DPOAE amplitudes in a frequency- and intensity-dependent 
manner. The overall bell shape of Figure 4 demonstrates 
the frequency-dependence of the noise-induced effects on 
the DPOAE responses. The maximum effect of the noise 
exposure occurred in the mid-frequency range of the 
frequencies tested, while effects were not as great in the 
lower and higher frequencies. Specifically, the greatest 
amplitude reductions (approximately 12-18 dB) occurred in 
the frequency range spanning f2 frequencies of 1414-4000 
H z . This frequency region corresponds to the center and 
upper cutoff frequency of the noise exposure band used in 
this study (octave band noise; 1.0-2.0 kHz), and extends to 
one octave above the upper cutoff frequency. This finding 
is not surprising, because it is consistent with previous 
reports showing that the maximum effect of an exposure can 
occur in the same frequency region of the exposure and/or 
approximately M-l octave above the upper cutoff frequency 
for bands of noise of reasonably constant spectrum level 
(Davis et a l ., 1943; Ward, 1976; Mitchell et a l ., 1977; 
Salvi et a l ., 1982). Smaller reductions (approximately 5-8 
dB) were found at f2 frequencies of 707-, 1000- and 5656 
Hz, while at 8000- and 11312 Hz, the magnitude of the 
amplitude reductions was only 1-3 dB.
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The pattern of the individual bars plotted at each 
frequency illustrates the intensity-dependence of the 
noise-induced effects on the DPOAE responses. In most 
cases, the greatest decreases in amplitude occurred for 
primary levels ranging from 40-60 dB SPL. This result is 
consistent with the idea that DPOAEs elicited by low-to- 
moderate level primary tones are physiologically vulnerable 
to the oto-traumatic effects of noise exposure (Kim, 1980; 
Zurek et al., 1982; Subramaniam et a l ., 1994a,b). It is 
within this intensity range that the active, nonlinear 
processes of the OHCs normally exert their greatest 
influence. Puel et al. (1988a) speculated that it is the 
active process that is affected first during acoustic 
trauma. At the lower f2 frequencies (707- and 1000 Hz), 
there were actually places within the amplitude growth 
functions where the responses of the sound conditioned 
group were better or not much different than those of the 
normal control group. This occurred for primary levels 
ranging from 50-60 dB SPL. It is within this intensity 
range where a large dip occurred in the amplitude growth 
functions of the unexposed group of animals.
The results of the present study demonstrating changes 
in DPOAE amplitude growth functions in guinea pigs after 
exposure to long-term continuous moderate-level noise 
differ from the findings of Canlon and Fransson (1995), who 
also tested the effects of continuous sound conditioning on 
DPOAEs in guinea pigs. These authors contend that their
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continuous sound conditioning protocol (81 dB SPL, 1 kHz 
pure-tone presented continuously for 24 days) did not cause 
any significant alterations in 2fx-f2 DPOAE amplitudes at 
frequencies of 1.75-, 2.1-, 2.8-, and 3.5 kHz. Five 
animals were tested before the sound conditioning exposure 
and then on days 1, 5, 10, 15, and 24 of the conditioning 
protocol. The results showed that there were changes (up 
to 10 dB) in the DPOAE amplitude growth functions during 
the initial stages of the sound conditioning protocol (days 
1, 5, and 10) in some, but not all animals. However, by 
the end of the 24 day exposure, all animals had DPOAE 
responses similar to their pre-conditioned values.
Despite the fact that the continuous sound 
conditioning protocols used in the experiments mentioned 
above were dissimilar (i.e., 89 dB SPL octave band noise 
(1.0-2.0 kHz) for 11 days vs. 81 dB SPL, 1 kHz pure tone 
for 24 days), there are other differences in the 
experimental design of the Canlon and Fransson study (1995) 
that might possibly account for the lack of detection of 
significant DPOAE amplitude changes induced by their sound 
conditioning exposure. First, the same five guinea pigs
were exposed and tested on various days (days 1, 5, 10, 15,
and 24) throughout their continuous sound conditioning 
protocol (longitudinal study). However, within the 
manuscript, the length of time required for testing the
DPOAE responses of each animal was never discussed.
Included in this unknown time period would be (1) the
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amount of time for the animals to respond to the 
anesthesia, (2) the actual time required for DPOAE 
measurement, and (3) the amount of time needed for the 
animals to recover from the effects of the anesthesia 
before being placed back into the exposure booth. These 
periods of rest from the moderate-level stimulation may 
have influenced the DPOAE measures in a manner similar to 
that of an interrupted exposure (i.e., an initial reduction 
in DPOAE amplitudes over the initial days of the 
conditioning exposure followed by a return toward pre­
exposure values as the exposure continues; Subramaniam et 
al., 1994a,b; 1995).
Secondly, it might be that the actual DPOAE 
frequencies chosen for study by Canlon and Fransson (19 95) 
were not generated within the region along the cochlear 
partition that was affected by the 1 kHz pure tone 
conditioning exposure. Again, the region of DPOAE 
generation is thought to be near, or at, the f2 place on 
the cochlear partition (Matthews and Molnar, 1986; Brown et 
a l ., 1992; Allen and Fahey, 1993; Puel et al ., 1995) . The 
lowest frequency DPOAE tested by Canlon and Fransson was 
2f :-f2 = 1.75 kHz (f 2/f L=1 . 225 ; f1=2.258 kHz, f2=2.766 kHz). 
The frequency of f2 in this case is approximately 1M 
octaves above the frequency of the pure-tone, moderate- 
level conditioning exposure. This means that if the 
exposure was such that it caused only very localized 
changes in cochlear function in the region of the 1 kHz
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conditioning tone, then it would be expected that DPOAEs 
with primary frequencies (especially f2) outside of this 
region would be, for the most part, unaltered by the 
exposure. Recently, Skellett et a l . (1996) showed
frequency-dependent and very localized reductions in the 
2f1-f2 DPOAE amplitude growth functions of guinea pigs 
exposed continuously for 3 and 11 days to a noise with 
spectral characteristics similar to the one used in this 
study (1.1 - 2.0 kHz). The intensity level of this noise 
exposure, however, was only 65 dB SPL. These reductions 
occurred only when the frequency of f2 was within the noise 
exposure band.
In support of the findings of the present study, other 
investigators have also shown changes in their response 
measurements immediately after the final day of a 
continuous sound conditioning protocol. However, in the 
studies performed by Ryan et a l . (1994) and Fowler et a l .
(1995), auditory brainstem response thresholds were 
measured after the final day of a long-term, moderate-level 
noise exposure. Ryan et al. (19 94) reported threshold 
shifts of 0-40 dB (depending upon the test frequency) from 
their pre-exposure values in Mongolian gerbils immediately 
following a three week exposure to an 81 dB SPL two-octave 
band noise (1414-5656 Hz). The greatest threshold shifts 
(approximately 40 dB) were measured for test frequencies of 
4- and 8 kHz, one which is within the noise exposure band 
(4 kHz) and the other which is M octave above the upper
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cutoff frequency of the noise band (8 kHz). Smaller shifts 
occurred for test frequencies 0.5-, 1-, and 2 kHz -- 
approximately 10-, 10-, and 20 dB, respectively. The 
auditory brainstem response threshold at 16 kHz was 
virtually unaffected. This pattern of threshold shift 
caused by sound conditioning is similar to the pattern of 
DPOAE amplitude growth function alterations measured in the 
present study (Figure 4), i.e., the maximal effect of the 
continuous noise exposure occurred at test frequencies 
within and slightly above the noise exposure band.
Fowler et a l . (1995) also demonstrated frequency-
specific increases in the auditory brainstem response 
thresholds of CBA/Ca mice for several different continuous 
sound conditioning protocols. Three groups of mice were 
continuously exposed to a narrowband noise centered at 4.5 
kHz presented at several different intensities and 
durations. When the noise was presented at a level of 86 
dB SPL for 10 days, the threshold shifts measured on the 
last day of the conditioning protocol in the first group of 
mice were approximately 20 dB at test frequencies of 4- and 
6.3 kHz, and 10- and 6 dB at test frequencies of 8- and 10 
kHz. No significant threshold shifts occurred at 12.5- and 
16 kHz. When the level of the noise was reduced to 80 dB 
SPL and the exposure duration was again 10 consecutive 
days, the threshold shifts obtained from a second group of 
mice were limited to the two lowest test frequencies. The 
mean threshold shifts at 4- and 6.3 kHz were approximately
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25- and 14 dB, respectively. A third group of mice was
exposed to the noise at a level of 80 dB SPL; however, for
this group the duration of the exposure was increased to 24 
days. Under these conditions, there were threshold shifts 
across all of the test frequencies. Statistical 
significance was reached at 4-, 6.3-, 8-, and 12.5 kHz. 
Still, the largest threshold shift occurred near the center 
frequency of the noise band at the test frequency of 4 kHz. 
The magnitude of this shift was approximately 22 dB. 
Threshold shifts of 12-15 dB were measured at 6.3-, 8-, and 
12.5 kHz. While there was no statistical significance at 
10- and 16 kHz, there was an increase in threshold of 6-
and 10 dB, respectively. Thus, by altering the duration
and/or intensity level of the noise exposure, Fowler et al. 
(1995) showed that the frequency region affected by the 
conditioning noise could be altered. However, more 
important is the fact that a similar pattern of threshold 
shift was caused by the continuous sound conditioning 
protocol used by these investigators as was found in the 
DPOAE amplitude growth function alterations measured in the 
present study (Figure 4). Again, the maximal effect of the 
continuous noise exposure occurred at test frequencies 
within and slightly above the noise exposure band, with 
lesser effects outside of this frequency region.
Fowler et a l . (1995) exposed a fourth group of mice to
a 75 dB SPL, 1 kHz pure tone continuously for 10 days.
This exposure was selected as an extrapolation of the
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guinea pig continuous conditioning paradigm used by Canlon 
et al. (1988) and Canlon and Fransson (1995). The auditory 
brainstem response thresholds taken immediately upon 
removal from the conditioning tone revealed no significant 
threshold shifts for the frequencies tested (4-, 6.3-, 8-, 
10-, 12.5-, and 16 kHz) . The lack of any measurable 
threshold shift across the test frequencies in response to 
the pure tone exposure was similar to the findings reported 
by Canlon et a l . (1988) and Canlon and Fransson (1995). 
However, as mentioned earlier, if the exposure was such 
that it caused only very localized changes in cochlear 
function in the region of the 1 kHz conditioning tone, then 
it would be expected that frequency regions two octaves and 
above this region would be, for the most part, unaltered by 
the exposure and the response measurements unaffected.
Thus, the frequency-specific changes in the DPOAE 
response measurements caused by the continuous sound 
conditioning protocol used in this study are supported by 
other evidence in the literature (Ryan et al., 1994; Fowler 
et a l ., 1995). When the response measurements (either the 
f2 frequencies when measuring DPOAEs or the test 
frequencies used to elicit an auditory brainstem response) 
were within the frequency region of the noise band or 
slightly above it, reductions in the DPOAE amplitudes or 
increases in the auditory brainstem response thresholds 
occurred.
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5.2.2 Interrupted sound conditioning
The animals subjected to the interrupted sound 
conditioning protocol were exposed to a 95 dB SPL octave 
band noise (1.0-2.0 kHz) presented 6 hours per day for 11 
consecutive days. The mean DPOAE amplitude growth 
functions obtained from the Interrupted Conditioning Group 
are shown in Figure 2 (a-i; open circles). In order to 
better describe the effects of interrupted sound 
conditioning on DPOAE responses, the differences in the 
amplitude growth functions between the Aged Normal Group 
and the Interrupted Conditioning Group were obtained by 
subtracting the average DPOAE amplitudes of the sound 
conditioned group from the baseline DPOAE responses. The 
mean DPOAE amplitude differences between the two groups at 
each primary level and frequency are listed in Table 9.
The shaded area of the table designates where statistically 
significant differences occurred between the groups as 
determined by the results of Tukey multiple comparisons 
tests (P < 0.05). Figure 5 provides a graphical 
representation of the mean differences between the two 
groups (in dB) plotted as a function of frequency for 
several different primary intensity levels (40-70 dB SPL) . 
The positive excursions from zero represent the magnitude 
of the amplitude reductions induced by the noise exposure, 
whereas the negative excursions from zero show where the 
magnitude of the DPOAE responses were actually larger in 
the exposed group than in the unexposed controls.























707 1000 1414 2000 2828 4000 5656 8000 11312
20 -0 . 34 -0 . 26 -0 . 22 -0 . 54 -0 . 25 0.25 0.28 -0 . 66 - 0 . 04
25 -0 .10 -0.36 -0 .44 -0.43 -0.41 1,10 2.32 -1. 29 0 .10
30 0.24 -0.39 -0.40 0 . 14 0 . 50 5,50 4.32 ' "1-21 0.06
35 0 .44 0.40 1 .00 1 .22 3 .35 11.31 5.60 -0 . 96 -0.16
40 0,73 8.09 15.01 6.37 -0 . 65 -0.27
45 0.29 lllvlll: S&PSIR 16,60 5.94 -0.46 -0 .16
50 -2.86 lllllllll! i i l i l l l 0 . 01 -0.06
55 -6.52 -9.38 2 .10 11.23 12.65 10.23 5.34 1. 17 1. 38
60 2.47 2.12 8.34 PSMIiPlH R 3.96 0 . 96 1. 87
65 5.35 5.26 7,48 7.88 13 .17 4.78 2,82 0 . 10 1. 27
70 .61 8.14 7.06 8.83 8,11_ 0 .61 2 . 58 0 . 04 0 . 10
The shaded area represents statistically significant differences between the Aged Normal
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Figure 5. The effect of interrupted sound conditioning on normal DPOAE responses. Data 
are presented as the mean amplitude differences between the Aged Normal Group and the 
Interrupted Conditioning Group (in dB) plotted as a function of frequency (0.707-11.312 
kHz) for several different primary intensity levels (40-70 dB SPL; inset).
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The interrupted conditioning exposure also caused 
reductions in DPOAE amplitudes in a frequency- and 
intensity-dependent manner. The overall "quasi" bell- 
shaped pattern of Figure 5 demonstrates the frequency- 
dependence of the noise-induced effects on the DPOAE 
responses. The maximum effect of the noise exposure 
occurred in the mid-frequency range of the frequencies 
tested, while effects were not as great in the lower and 
virtually non-existent in the higher frequencies. For this 
exposure protocol however, the greatest amplitude 
reductions occurred in a narrower frequency range (relative 
to the continuous sound conditioning protocol), spanning f2 
frequencies of 2000-4000 Hz. The magnitude of the 
reductions within this range was approximately 11-16 dB. 
This frequency region corresponds to the upper cutoff 
frequency of the noise exposure band used in this study 
(octave band noise; 1.0-2.0 kHz) and extends to one octave 
above the upper cutoff frequency.
The pattern of the individual bars plotted at each f2 
frequency illustrates the intensity-dependence of the 
noise-induced effects on the DPOAE responses. In the 
frequency region where the interrupted noise exposure had 
its greatest effect (f2 = 2000-4000 Hz), the largest 
decreases in amplitude occurred for primary levels ranging 
from about 40-60 dB SPL. This result is consistent with 
the idea that DPOAEs elicited by low-to-moderate level 
primary tones are physiologically vulnerable to the
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oto-traumatic effects of noise exposure (Kim, 1980; Zurek 
et al., 1982; Subramaniam et al., 1994a,b). It is within 
this intensity range that the active, nonlinear processes 
of the OHCs normally exert their greatest influence.
At the lower f2 frequencies (707- and 1000 Hz) , there 
were actually intensity levels of the amplitude growth 
functions where the DPOAEs amplitudes recorded for the 
sound conditioned group were larger than those of the 
normal control group. These f2 frequencies coincide with 
the lower cutoff frequency of the noise exposure band (1000 
Hz) and a frequency ^ octave below it (707 Hz). These 
elevations in the DPOAE amplitudes relative to the normal 
controls occurred for primary levels ranging from 50-60 dB 
SPL. It is within this intensity range where a large dip 
occurred in the amplitude growth functions of the unexposed 
group of animals.
The increased amplitudes found within the DPOAEs of 
the sound conditioned animals at frequencies bordering the 
noise exposure band are consistent with the results of 
Boettcher and Schmiedt (1995) . These investigators 
reported elevated DPOAE amplitudes in Mongolian gerbils 
exposed to an 8 0 dB SPL octave band noise centered at 4 kHz 
on an interrupted schedule for either 1 or 12 days. 
Similarly, the amplitude elevations occurred for primary 
levels of 50 and 60 dB SPL when DPOAEs whose f2 frequencies 
were close to the lower cutoff frequency of their noise 
exposure band (s 2.8 kHz) were measured. However, since
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these authors did not show the average DPOAE amplitude 
growth functions of their unexposed animals, nor did they 
mention the existence of a nonmonotonic dip in this 
intensity region of these normal amplitude growth 
functions, it is not known if the noise exposures used in 
each study had similar effects overall.
Further, when studying the effects of noise-induced 
hearing loss on DPOAEs in humans, Kim et a l . (1992)
obtained similar results. These investigators found that 
that DPOAE amplitudes were larger than normal at the edge 
of a hearing loss in subjects who exhibited audiograms that 
were typical of those obtained when there was prior history 
of noise exposure. This type of audiogram is characterized 
by a "notch" (elevated thresholds) at 4 kHz with normal 
sensitivity at lower frequencies (2 kHz and below). In 
these subjects, DPOAE amplitudes were approximately 10-15 
dB higher in the frequency region between 1- and 2 kHz when 
compared to the responses of normal hearing subjects.
While not conclusive, the results of all three studies 
suggest that the elevated DPOAE amplitudes measured in the 
frequency region bordering a noise-induced cochlear lesion, 
may be related to the effects of noise exposure on the 
mechanism(s) responsible for DPOAE generation.
Other researchers have also studied the effects of 
interrupted sound conditioning protocols on DPOAEs. 
Subramaniam et a l . (1994a,b; 1995) examined the changes in
DPOAE amplitude growth functions of chinchillas in response
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to both low- and high-frequency interrupted sound 
conditioning protocols. The studies by Subramaniam and 
colleagues, however, were longitudinal in nature in that 
they tracked the responses of a small number of animals 
over the course of the conditioning exposure. To compare 
the results found in the present experiment to those 
reported by Subramaniam et a l . (1994 a,b; 1995), focus was
placed on the DPOAE responses measured immediately after 
the final day of the interrupted conditioning exposure.
The low frequency exposure used by Subramaniam et al. 
(1994a) was a 95 dB SPL octave band noise centered at 0.5 
kHz presented twice a day for 15 days using a 3 hours 
"on"/9 hours "off" schedule. DPOAEs amplitude growth 
functions were measured in five chinchillas (n=10 ears) at 
the geometric mean frequencies of 1, 2, 3, 4, 6, and 8 kHz 
on various days during the sound conditioning protocol. 
DPOAE amplitudes decreased significantly during the first 
few days of the interrupted noise exposure and then began 
to recover towards baseline as the exposure duration 
continued. By the final day of the noise exposure (day 
15), there were residual losses at all frequencies tested. 
Oddly, the losses were smaller for frequencies closer to 
the noise exposure band (e.g., 1- and 2 kHz) and greater 
for frequencies farther removed (e.g., 8 kHz).
In a similar study, Subramaniam et a l . (1994b) exposed
six chinchillas to a conditioning noise of the same 
intensity and spectral characteristics as in the study
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mentioned above; however the exposure was repeated over 10 
consecutive days on a 6 hours "on"/18 hours "off" schedule. 
DPOAEs amplitude growth functions were measured at the 
geometric mean frequencies of 1-, 2-, 4-, and 8 kHz on 
various days during the sound conditioning protocol (days 
2, 4, 6, 8, and 10). Results showed that the changes in 
DPOAE amplitudes were frequency dependent. Specifically, 
at 1- and 2 kHz, the average DPOAE responses decreased 
significantly by the first few days of the exposure 
protocol, but recovered to within 10 dB of the pre-exposure 
values by the tenth and final day of exposure. At 4 kHz, 
very little recovery of the DPOAE amplitudes was found and 
no recovery was reported for the 8 kHz amplitude growth 
functions.
The pattern of the DPOAE amplitude reductions measured 
in the present experiment was different from the results of 
both of the Subramaniam et a l . (1994 a,b) studies discussed
above. The results of the present study showed a 
relatively predictable pattern of DPOAE loss in that the 
maximum loss was confined to the frequency region very near 
the frequency band of the noise exposure. Again, this 
region corresponded to the upper cutoff frequency of the 
noise exposure band used in this study (octave band noise; 
1.0-2.0 kHz) and extended to one octave above the upper 
cutoff frequency. Small reductions in DPOAE amplitudes 
were found outside of this region, especially in the higher 
frequencies tested. This same pattern of damage was not
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reported by Subramaniam et a l . (1994a,b). Although the
noise used by Subramaniam et a l . was a low frequency noise 
(octave band noise centered at 0.5 kHz), there were 
substantial reductions in the DPOAE amplitudes even at high 
frequencies, i.e. 4 and 8 kHz. This spread of cochlear 
damage in response to low frequency noise exposure has been 
previously observed (Zurek et al., 1982; Clark et al.,1987; 
Subramaniam et al., 1991a).
Subramaniam et a l . (1995) also examined the changes in
DPOAE amplitude growth functions of chinchillas in response 
to a high frequency, interrupted sound conditioning 
protocol. Five animals were exposed to an 85 dB SPL octave 
band noise centered at 4 kHz for 10 consecutive days on a 6 
hours "on"/18 hours "off" schedule. DPOAE amplitude growth 
functions were measured for fx frequencies set at 1-, 2-,
3-, 4-, 5.6-, and 8 kHz with an f2/fi ratio of 1.2. They 
found that initially, there was a substantial decrease in 
DPOAE amplitudes followed by either a partial or a complete 
return to pre-exposure values depending upon the test 
frequency. At 3 kHz, the recovery towards baseline was 
complete by day 10 of the exposure. At 8 kHz, recovery was 
almost complete with DPOAE amplitudes within 5 dB of the 
pre-exposure measurements. However, for DPOAEs measured 
when the fx frequencies were 4.0 and 5.6 kHz, the 
amplitudes were 9-12 dB lower than the pre-exposure 
amplitudes. These results were similar to the changes 
observed in the DPOAE amplitude growth functions of the
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present experiment in that by the final day of the 
interrupted exposure, the reductions in the DPOAE 
amplitudes were fairly localized to frequencies within the 
noise exposure band.
5.2.3 Comparison of the effects of the two sound 
conditioning protocols - Testing the validity of the EEH
Although the two sound conditioning protocols used in 
the present experiment had equal acoustic energy, the 
resultant changes in DPOAE amplitude growth functions 
measured in the groups of guinea pigs exposed to either 
continuous or interrupted noise were not equivalent. 
Figures 4 and 5 show the mean DPOAE amplitude differences 
between the Continuous Conditioning Group and the Aged 
Normal Group, and the Interrupted Conditioning Group and 
the Aged Normal Group, respectively. When comparing these 
figures, it becomes apparent that overall, the interrupted 
conditioning noise was significantly less damaging to the 
cochlea than the continuous conditioning noise. Not only 
were the magnitudes of the noise-induced DPOAE amplitude 
reductions less in the animals conditioned with the 
interrupted noise as opposed to the continuous noise, but 
the range of f2 frequencies affected by the interrupted 
exposure was also decreased. Therefore, these results do 
not support the validity of the EEH which assumes that the 
cumulative damage to the auditory system is a function of 
the total acoustic energy received, regardless of the 
distribution of energy over time (Eldred et a l ., 1955) .
This finding is backed by previous histological data
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showing that while the pattern of hair cell damage was the 
same for a continuous vs. an interrupted noise exposure 
(both with equal acoustic energy), the magnitude of hair 
cell damage induced by the exposures was less for the 
interrupted exposure (Bohne et a l ., 1985, 1987; Fredelius 
and Wersall, 1992) . Thus, it is quite possible that the 
rest (quiet) periods within the interrupted exposure acted 
to minimize noise-induced hair cell damage and were 
responsible for the significantly smaller reductions in the 
DPOAE amplitudes (when compared to the continuous exposure) 
observed in this study.
As discussed earlier, both schedules of sound 
conditioning noise had their greatest overall effect in the 
mid-frequency range of the f2 frequencies tested. This 
frequency region includes the center and upper cutoff 
frequencies of the noise exposure band used in this study 
(octave band noise; 1.0-2.0 kHz) and extends to one octave 
above the upper cutoff frequency. For the continuous 
conditioning noise, this range spanned from 1414-4000 Hz. 
Within this range, the peak effect occurred at 2000 Hz (the 
upper cutoff frequency of the noise exposure band), with 
maximum DPOAE amplitude reductions of 13-18 dB when the 
intensity of the primary tones was 45-60 dB SPL. For the 
interrupted conditioning noise, a narrower range of f2 
frequencies was maximally affected by the conditioning 
noise exposure, i.e., 2000-4000 Hz. In this case, the peak 
noise-induced effect occurred at 4000 Hz (one octave above
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the upper cutoff frequency of the noise exposure band), 
with maximum DPOAE amplitude reductions of 11-16 dB when 
the intensity of the primary tones was 40-55 dB SPL.
The reason for this upward shift in the frequency of 
maximum effect could possibly be related to the higher 
intensity level of the interrupted noise exposure. While 
the periods of rest within the interrupted noise serve to 
lessen the overall noise-induced effects on the DPOAE 
amplitude growth functions, the intensity level of the 
exposure may determine where (in terms of frequency) the 
maximum noise-induced changes occur. It appears that the 
lower the intensity of the exposure, the more localized are 
the changes in the response measurements to the frequency 
region of the noise exposure. With an increase in exposure 
level, there is an overall spread in the noise-induced 
reductions in the DPOAE amplitudes, with a shift in the 
maximum effect to higher frequencies outside of the noise 
exposure band.
An interesting result was found when comparing the 
effects of both schedules of conditioning noise on the 
DPOAE amplitude growth function at f2 frequencies of 707- 
and 1000 Hz. In the average DPOAE responses of the Aged 
Normal Group, there are highly nonmonotonic regions of the 
amplitude growth functions (primary tone levels ranging 
from 50 to 60 dB SPL) at these frequencies. Different 
mechanisms have been suggested as the contributing factors 
to the dip that occurs in the amplitude growth functions of
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these low frequency DPOAEs: (1) phase cancellation between
multiple acoustic components (Zwicker, 1986; Brown, 1987) 
and (2) the existence of two distortion product sources or 
generation sites, one which functions at low primary tone 
levels and requires the operation of active nonlinear 
cochlear processes, and another which functions at high 
primary tone levels and involves passive cochlear 
mechanisms (Rosowski et a l ., 1984; Brown, 1987; Norton and 
Rubel, 1990; Whitehead et a l ., 1992a,b). Both the 
continuous and interrupted conditioning exposures 
eliminated the nonmonotonic region from within the DPOAE 
amplitude growth functions at f2 frequencies of 707- and 
1000 Hz; however, the effects that each exposure had were 
quite different. The continuous conditioning noise, for 
the most part, induced an overall decrease in the 
amplitudes at each intensity level of the growth functions 
to below that of the normal response, and in doing so 
eliminated the nonmonotonic dips from the amplitude growth 
functions. This type of response is typical of noise- 
induced effects on DPOAEs. The interrupted conditioning 
noise, on the other hand, enhanced the DPOAE amplitudes 
within the intensity region of the curves where these dips 
existed (primary tone levels ranging from 50 to 60 dB SPL), 
so that the magnitude of the responses were actually larger 
than that of the normal response. It is possible that the 
interrupted noise exposure, in some way, altered the 
mechanism(s) responsible for generating such
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nonmonotonicities. These alterations may have eliminated 
phase cancellations between multiple acoustic components 
that are thought to be responsible for generating the 
nonmonotonic dips found in the normal DPOAE amplitude 
growth functions of this low frequency region (Zwicker, 
1986; Brown, 1987).
5.3 Effects of the traumatizing noise exposure on DPOAE 
responses
5.3.1 Unconditioned animals (Blast Only Group)
The unconditioned animals of the Blast Only Group were 
housed at the animal care facility for 7-8 weeks and then 
exposed to a 10 5 dB SPL octave band noise (1.0-2.0 kHz) 
presented continuously for 3 consecutive days. DPOAE 
amplitude growth functions were measured 4 weeks after 
removal from the traumatizing noise exposure. The mean 
DPOAE amplitude growth functions obtained from the Blast 
Only Group are shown in Figure 3 (a-i; open up-triangles).
To show the effects of the traumatizing noise exposure 
on normal DPOAE responses, the differences in the amplitude 
growth functions between the Aged Normal Group and the 
Blast Only Group were obtained by subtracting the average 
DPOAE amplitudes of the group exposed to the traumatizing 
noise from the baseline DPOAE responses. The mean DPOAE 
amplitude differences between the two groups at each 
primary level and frequency are listed in Table 10. Figure 
6 provides a graphical representation of the mean amplitude 
differences between the two groups (in dB) plotted as a 
function of frequency for several different primary























707 1000 1414 2000 2828 4000 5656 8000 11312
20 -0 .16 0 .37 -0 . 05 -0.25 -0.39 -0.35 0 . 65 1. 12 0 . 56
25 -0.29 0 .22 -0 . 26 -0 . 81 -0 . 03 0. 96 4 . 26 4 .88 1. 79
30 0 . 59 -0 . 16 -0 . 03 0.47 0 . 89 5.06 10 . 66 10.40 2 . 59
35 1 . 34 0.99 0. 95 1.14 3 .44 11. 17 16 .42 14 .30 3 .42
40 4 .39 4 . 72 5.99 5 . 94 9 . 08 15. 18 20.48 16 .43 4 . 05
45 6.39 8.97 10 . 12 12 . 07 12 . 00 17. 26 19 . 79 16 . 70 4.49
50 3 .07 9 . 59 11.22 14 .60 15.28 18 . 07 16 . 88 17 .20 4.48
55 -1. 82 2 . 08 6 . 85 13 .42 16 . 12 18. 13 14 . 01 13 .46 2.68
60 2 . 65 4 . 28 6.83 11 .29 17 . 78 19. 81 13 . 95 11. 13 1.18
65 6 .22 11.48 12 . 63 12 .14 20 . 64 16 . 08 12 . 36 8 . 81 1.23
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Figure 6. The effect of the traumatizing noise on normal DPOAE responses. Data are 
presented as the mean amplitude differences between the Aged Normal Group and the Blast 
Only Group (in dB) plotted as a function of frequency (0.707-11.312 kHz) for several 
different primary intensity levels (40-70 dB SPL; inset).
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intensity levels (40-70 dB SPL). The positive excursions 
from zero represent the magnitude of the amplitude 
reductions induced by the noise exposure, whereas the 
negative excursions from zero show where the magnitude of 
the DPOAE responses were actually larger in the exposed 
group than in the unexposed controls.
The overall shape of Figure 6 demonstrates the 
frequency-dependence of the noise-induced effects on the 
DPOAE responses caused by the high-level, traumatizing 
exposure. This pattern was different than the patterns of 
the noise-induced effects obtained from groups of animals 
exposed only to the sound conditioning noise (Figures 4 and 
5). The alterations in the DPOAE amplitude growth 
functions caused by this exposure were more widespread.
The noise-induced reductions in DPOAE amplitudes were not 
only larger, but were also distributed across the entire 
test frequency range. The region of maximal effect was 
skewed toward the higher frequencies of f2 tested. This 
region covered f2 frequencies ranging from 2828-8000 Hz.
The magnitudes of the DPOAE amplitude reductions within 
this frequency range were approximately 12-21 d B . Smaller 
reductions occurred for the lower frequencies of f2 (707- 
2000 Hz). Still, the amplitude reductions within this low 
frequency range were quite large, with losses ranging from 
approximately 5-15 dB at intensity levels of the amplitude 
growth functions where the effects of the noise were 
maximal. The traumatizing noise had its least effect at
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 2 3
the highest frequency of f2 tested (f2=11312 Hz), with 
reductions of only 2-4 dB.
The pattern of the individual bars plotted at each 
frequency illustrates the intensity-dependence of the 
noise-induced effects on the DPOAE responses. In the 
frequency region where the traumatic noise exposure had its 
greatest effect, the largest decreases in amplitude 
occurred for primary levels ranging from about 40-60 dB 
SPL. For the DPOAE amplitude growth functions measured at 
f2 frequencies of 707-2828 Hz, the largest amplitude 
reductions occurred for the high level primary tones tested 
(65-70 dB SPL), suggesting that this high intensity noise 
also affected passive cochlear mechanics within this 
frequency range. At the lower f2 frequencies (707- and 
1000 Hz), there were actually intensity levels of the 
amplitude growth functions where the responses of the sound 
conditioned group were better or not much different than 
those of the normal control group. This occurred for 
primary levels ranging from 50-60 dB SPL. It is within 
this intensity range where a large dip occurred in the 
amplitude growth functions of the unexposed group of 
animals.
5.3.2 Sound Conditioned animals
5.3.2.1 Continuous sound conditioning
The animals in this group were exposed continuously 
for 11 days to an 8 9 dB SPL octave band noise (1-2 kHz), 
given 1 week to recover, and then exposed continuously to
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the 105 dB SPL traumatizing noise for 3 days. DPOAE 
amplitude growth functions were measured 4 weeks after 
removal from the traumatizing noise exposure. The mean 
DPOAE amplitude growth functions obtained from the 
Continuous Conditioning then Blast Group are shown in 
Figure 3 (a-i; open squares). To show the effects of the 
continuous conditioning/traumatizing noise exposure 
combination on normal DPOAE responses, the differences in 
the amplitude growth functions between the Aged Normal 
Group and the Continuous Conditioning then Blast Group were 
obtained by subtracting the average DPOAE amplitudes of the 
noise exposed group from the baseline DPOAE responses. The 
mean DPOAE amplitude differences between the two groups at 
each primary level and frequency are listed in Table 11. 
Figure 7 provides a graphical representation of the mean 
amplitude differences between the two groups (in dB) 
plotted as a function of frequency for several different 
primary intensity levels (40-70 dB SPL). The positive 
excursions from zero represent the magnitude of the 
amplitude reductions induced by the noise exposure, whereas 
the negative excursions from zero show where the magnitude 
of the DPOAE responses were actually larger in the exposed 
group than in the unexposed controls.
The overall shape of Figure 7 demonstrates the 
frequency-dependence of the noise-induced effects on the 
DPOAE responses. This pattern of change caused by the 
traumatizing noise exposure in animals previously sound

















Table 11. Mean amplitude difference data (in dB) between the Aged Normal Group and the





707 1000 1414 2000 2828 4000 5656 8000 11312
20 -0 .26 -0 .18 -0.37 -0 .22 -0.44 -0 . 58 0.40 1.21 1. 03
25 -0.38 -0 . 24 -0 . 52 -0 . 72 -0.38 0 . 81 4 . 83 4.40 2 . 79
30 -0 .10 -0.44 -0 .25 -0 . 34 0 . 79 4 . 50 10 . 82 9.46 4 . 71
35 0 . 84 0 . 99 0 .44 1 . 06 3 .37 11 . 01 16 .27 12 .70 5 .12
40 4 .24 4 . 81 5 .17 5 . 92 8 . 51 15 .11 19 . 78 14 . 93 5 .69
45 6 . 62 8 . 90 10 . 54 11. 81 11. 91 17.80 19 . 04 15 . 82 6 . 02
50 3 .22 9 .21 11 .33 14 .85 15 . 51 18 . 02 16 .28 13 . 91 6 . 87
55 -1. 88 2 . 09 8 . 91 15 . 69 17 . 71 18 . 68 14 .20 11.30 2.87
60 4 .01 4 .29 9.98 14 .47 19 . 66 20 . 05 14 . 00 11. 01 1.88
65 10.49 11 . 68 15 .17 15.96 19 .37 17.23 12 . 10 9.16 1.92
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Figure 7. The effect of the continuous conditioning/traumatizing noise exposure 
combination on normal DPOAE responses. Data are presented as the mean amplitude 
differences between the Aged Normal Group and the Continuous Conditioning then Blast Group 
(in dB) plotted as a function of frequency (0.707-11.312 kHz) for several different 





conditioned on a continuous schedule is similar to that 
obtained for the unconditioned animals (Figure 6).
Although similar, there were differences in the DPOAE 
responses between the unconditioned (Blast Only) group and 
the sound conditioned (Continuous Conditioning then Blast) 
group. These differences are discussed in detail in 
Section 5.3.3.1 as they relate to the possible protective 
role of the sound conditioning exposure.
5.3.2.2 Interrupted sound conditioning
The animals in this group were exposed 6 hours per day 
for 11 days to a 95 dB SPL octave band noise (1-2 kHz; 6 
hours "on"/l8 hours "off"), given l week to recover, then 
exposed continuously to the 105 dB SPL traumatizing noise 
for 3 days. DPOAE amplitude growth functions were measured 
4 weeks after removal from the traumatizing noise exposure. 
The mean DPOAE amplitude growth functions obtained from the 
Interrupted Conditioning then Blast Group are shown in 
Figure 3 (a-i; open diamonds). To show the effects of the 
interrupted conditioning/traumatizing noise exposure 
combination on normal DPOAE responses, the differences in 
the amplitude growth functions between the Aged Normal 
Group and the Interrupted Conditioning then Blast Group 
were obtained by subtracting the average DPOAE amplitudes 
of the noise exposed group from the baseline DPOAE 
responses. The mean DPOAE amplitude differences between 
the two groups at each primary level and frequency are 
listed in Table 12. Figure 8 provides a graphical

















Table 12. Mean amplitude difference data (in dB) between the Aged Normal Group and the 





707 1000 1414 2000 2828 4000 5656 8000 11312
20 0 .11 0 . 04 0 . 27 0.22 -0 .19 0 .26 0 . 87 1 . 02 0 . 54
25 -0 .05 0 . 09 0 . 04 -0 . 01 0 . 09 1. 64 5 . 06 4 . 21 1.42
30 0.48 -0 . 15 0 .12 0 . 59 0 . 67 5.37 11.38 8 . 64 1. 56
35 1.31 0 . 93 1. 18 1. 68 3 . 54 11.11 17.06 11. 50 1.56
40 5 . 00 4 . 69 6 .36 6 . 87 8 . 86 15 . 01 19.73 12.36 1.43
45 7 .50 9.42 11. 01 12 . 62 11 . 87 15 .23 18 . 78 12.57 1.35
50 5.30 9 . 58 13 . 67 16 .46 14 . 95 13 . 95 15 . 60 10.88 1.29
55 0 . 91 3 .22 11 .30 17.35 15 .39 13 . 04 12 . 91 9.30 1.31
60 6.40 5 . 66 12 . 03 16 . 19 17.70 14 . 92 13 . 01 8 . 96 1.80
65 10.37 12 . 89 17.42 16 . 62 18 .22 12 . 51 10 . 97 5.29 1.23
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Figure 8. The effect of the interrupted conditioning/traumatizing noise exposure 
combination on normal DPOAE responses. Data are presented as the mean amplitude 
differences between the Aged Normal Group and the Interrupted Conditioning then Blast 
Group (in dB) plotted as a function of frequency (0.707-11.312 kHz) for several different 
primary intensity levels (40-70 dB SPL; inset).
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representation of the mean amplitude differences between 
the two groups (in dB) plotted as a function of frequency 
for several different primary intensity levels (40-70 dB 
SPL). The positive excursions from zero represent the 
magnitude of the amplitude reductions induced by the noise 
exposure, whereas the negative excursions from zero show 
where the magnitude of the DPOAE responses were actually 
larger in the exposed group than in the unexposed controls.
The overall shape of Figure 8 demonstrates the 
frequency-dependence of the noise-induced effects on the 
DPOAE responses. This pattern of change caused by the 
traumatizing noise exposure in animals previously sound 
conditioned on an interrupted schedule is similar to that 
obtained for the unconditioned animals (Figure 6).
Although similar, there were differences in the DPOAE 
responses between the unconditioned (Blast Only) group and 
the sound conditioned (Interrupted Conditioning then Blast) 
group. These differences are discussed in detail in 
Section 5.3.3.2 as they relate to the possible protective 
role of the sound conditioning exposure.
5.3.3 Comparison of the effects of the traumatizing noise 
exposure on the DPOAE responses of unconditioned and sound 
conditioned animals -- Did sound conditioning provide 
protection?
When comparing the effects of the traumatizing noise 
exposure on the DPOAE amplitude growth function measured 
within the Blast Only Group, the Continuous Conditioning 
then Blast Group, and the Interrupted Conditioning then 
Blast Group, statistically significant differences were
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found between the exposure groups (p=0.015). Results show
that overall (data pooled over frequency and intensity),
the Interrupted Conditioning then Blast was least affected
by the traumatizing noise, followed closely by the Blast
Only Group and then the Continuous Conditioning then Blast
Group (see Table V, Results of the Tukey all pairwise
multiple comparison test for the main effect of Group).
This implies that there was some amount of protection
afforded by prior sound conditioning with the interrupted
moderate-level noise exposure used in this study. However,
the overall effect of the continuous sound conditioning
protocol seemed to render the auditory system more
susceptible to the traumatizing noise exposure.
5.3.3.1 Did continuous sound conditioning provide 
protection against the damaging effects of the traumatizing 
noise exposure?
In order to test the hypothesis that continuous sound 
conditioning provides protection against the damaging 
effects of the traumatizing noise exposure, the DPOAE 
responses of the Blast Only and the Continuous Conditioning 
then Blast Group were compared. The mean DPOAE amplitudes 
of the Continuous Conditioning then Blast Group were 
subtracted from the average DPOAE responses of Blast Only 
Group to quantify the differences between the groups. The 
mean DPOAE amplitude differences between the Continuous 
Conditioning then Blast Group and the Blast Only Group at 
each primary level and frequency are listed in Table 13. 
Figure 9 provides a graphical representation of the mean

















Table 13. Mean amplitude difference data (in dB) between the Blast Only Group and the 





707 1000 1414 2000 2828 4000 5656 8000 11312
20 -0 .10 -0.55 -0 . 32 0 . 03 -0 . 05 -0.23 -0 . 25 0 . 09 0.47
25 -0 . 09 -0.46 -0 . 26 0.09 -0.35 -0.15 0.57 -0.48 1. 00
30 -0.69 -0 .28 -0.22 -0 . 81 -0 .10 -0.56 0 .16 -0 . 94 2 .12
35 -0 . 50 0 . 00 -0 . 51 -0 . 08 -0 . 07 -0.16 -0 .15 -1. 60 1. 70
40 -0 .15 0 . 09 -0 . 82 -0 . 02 -0 . 57 -0.07 -0 . 70 -1. 50 1. 64
45 0 .23 -0 . 07 0.42 -0.26 -0.09 0.54 -0.75 -0 . 88 1. 53
50 0 .15 -0.38 0 .11 0.25 0 . 23 -0. 05 -0 . 60 -3 .29 2.39
55 -0 . 06 0 . 01 2 . 06 2 .27 1. 59 0.55 0 .19 -2 . 16 0 .19
60 1.36 0 . 01 3 .15 3 . 18 1 . 88 0 . 24 0 . 05 -0 .12 0 .70
65 4 .27 0 .20 2 . 54 3 . 82 -1 .27 1.15 -0.26 0.35 0 .69
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Figure 9. Comparison of the effect of the traumatizing noise on the DPOAE responses of 
the unconditioned vs. the continuous sound conditioned groups. Data are presented as the 
mean amplitude differences between the Blast Only Group and the Continuous Conditioning 
then Blast Group (in dB) plotted as a function of frequency (0.707-11.312 kHz) for several 
different primary intensity levels (40-70 dB SPL; inset).
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amplitude differences between the two groups (in dB) 
plotted as a function of frequency for several different 
primary intensity levels (40-70 dB SPL). The positive 
excursions from zero represent an increased susceptibility 
to the traumatizing noise in the sound conditioned groups. 
This shows where (in terms of f2 frequency and intensity) 
the sound conditioning acted to enhance the effects (DPOAE 
amplitude reductions) of the traumatic noise exposure 
rather than to protect against it. The negative excursions 
from zero show where the magnitudes of the DPOAE responses 
were actually larger in the sound conditioned groups than 
in the unconditioned control group. In other words, it is 
at these f2 frequencies and corresponding primary tone 
levels that the sound conditioning appeared to provide 
protection against the subsequent traumatizing noise.
No exceptionally obvious pattern of protection was 
observed when comparing the DPOAE results of Blast Only 
Group and the Continuous Conditioning then Blast Group 
(Figure 9). This means that there were no real definite 
frequency regions that demonstrated that the conditioning 
noise was either helpful or harmful in protecting against 
the subsequent traumatic noise exposure. In addition, the 
amplitude differences between the two groups, for the most 
part, were fairly small, with maximum differences of 1-3 dB 
(on average). This finding is unusual given that the 
effects of continuous sound conditioning alone were more
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damaging to the DPOAE responses than the interrupted 
protocol.
The lack of protection demonstrated here could 
possibly be related to the fact that the moderate-level 
continuous conditioning exposure chosen for study may have, 
by itself, been enough to cause irreversible damage to the 
outer hair cells, thus precluding the possibility of 
providing protection against the damaging effects of the 
subsequent traumatizing exposure. It was not determined 
whether or not this conditioning exposure had any residual 
effects on the DPOAE amplitude growth functions after the 
one week rest period that was given. However, it has been 
suggested that protection against subsequent noise trauma 
may be less likely to occur in the presence of a threshold 
shift induced by the sound conditioning exposure (Canlon et 
al, 1992; Ryan et a l ., 1994; Canlon and Fransson, 1995).
Canlon et a l . (1992) demonstrated that protection
against a subsequent traumatizing noise was not evident 
when the continuous sound conditioning paradigm used in 
their experiment caused a temporary threshold shift. When 
a group of rabbits was traumatized immediately following 
the conditioning exposure, the auditory brainstem response 
thresholds were better in the unconditioned control animals 
as compared with the sound conditioned animals (i.e., sound 
conditioning provided no protection). However, when 
another group of rabbits was given a two week rest period 
before being exposed to the traumatizing noise, the
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response measurements were better in the sound conditioned 
group of animals demonstrating the protective effect of the 
continuous conditioning exposure. Similar results were 
also reported by Ryan et al . (1994) who used gerbils as
their experimental animals. These investigators found that 
a one week rest period was needed in between the continuous 
conditioning exposure and the traumatic noise exposure in 
order to eliminate the threshold shift caused by the 
conditioning and obtain protection against the subsequent 
noise trauma. The results of other continuous sound 
conditioning experiments showed that when the moderate- 
level conditioning noise did not cause any morphological or 
physiological alterations to the cochlea, no rest period 
was required before the subsequent traumatizing noise in 
order for a protective effect to exist (Canlon et a l ., 
1988,1992; Canlon and Fransson, 1995).
Thus, it is possible that the continuous sound 
conditioning exposure used in this study (1-2 kHz; 89 dB 
SPL; presented continuously for 11 days) caused some degree 
of permanent damage to the region of the cochlea spanning 
the f2 frequency range of interest. This may have resulted 
in the lack of any consistent and sizable protective effect 
due to prior sound conditioning with a continuous moderate- 
level noise.
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5.3.3.2 Did interrupted sound conditioning provide 
protection against the damaging effects of the traumatizing 
noise exposure?
In order to test the hypothesis that interrupted sound 
conditioning provides protection against the damaging 
effects of the traumatizing noise exposure, the DPOAE 
responses of the Blast Only and the Continuous Conditioning 
then Blast Group were compared. The mean DPOAE amplitudes 
of the Interrupted Conditioning then Blast Group were 
subtracted from the average DPOAE responses of Blast Only 
Group to obtain the differences between the groups. The 
mean DPOAE amplitude differences between the Interrupted 
Conditioning then Blast Group and the Blast Only Group at 
each primary level and frequency are listed in Table 14. 
Figure 10 provides a graphical representation of the mean 
amplitude differences between the two groups (in dB) 
plotted as a function of frequency for several different 
primary intensity levels (40-70 dB SPL). The positive 
excursions from zero represent an increased susceptibility 
to the traumatizing noise in the sound conditioned groups. 
This shows where (in terms of f2 frequency and intensity) 
the sound conditioning acted to enhance the effects (DPOAE 
amplitude reductions) of the traumatic noise exposure 
rather than to protect against it. The negative excursions 
from zero show where the magnitudes of the DPOAE responses 
were actually larger in the sound conditioned groups than 
in the unconditioned control group. In other words, it is 
at these f2 frequencies and corresponding primary tone

















Table 14. Mean amplitude difference data (in dB) between the Blast Only Group and the 





707 1000 1414 2000 2828 4000 5656 8000 11312
20 0.27 -0 . 33 0 .32 0.47 0 . 20 0 . 61 0 .22 -0 .10 -0 . 02
25 0 .24 -0 .13 0 .30 0 . 80 0 .12 0 . 68 0 . 80 -0 . 67 -0.37
30 -0 .11 0 . 01 0 . 15 0 . 12 -0 . 22 0.31 0 . 72 -1. 76 -1. 03
35 -0 . 03 -0 . 06 0.23 0 . 54 0 .10 -0 . 06 0 . 64 -2 . 80 -1. 86
40 0 .61 -0 . 03 0 . 37 0 . 93 -0 . 22 -0 . 17 -0 . 75 -4 . 07 -2 . 62
45 1.11 0.45 0 . 89 0 . 55 -0 .13 -2 . 03 -1. 01 -4 .13 -3 .14
50 2 .23 -0 . 01 2.45 1 . 86 -0.33 -4 . 12 -1. 28 -6 . 32 -3 .19
55 2 . 73 1. 14 4.45 3 . 93 -0 . 73 -5 . 09 -1.10 -4 .16 -1.37
60 3 . 75 1. 38 5 .20 4 . 90 -0 . 08 -4 .89 -0 . 94 -2 . 17 -0 . 01
65 4 .15 1.41 4 .79 4.48 -2 .42 -3 .57 -1.39 -3 .52 0 . 00
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Figure 10. Comparison of the effect of the traumatizing noise on the DPOAE responses of 
the unconditioned vs. the interrupted sound conditioned groups. Data are presented as the 
mean amplitude differences between the Blast Only Group and the Interrupted Conditioning 
then Blast Group (in dB) plotted as a function of frequency (0.707-11.312 kHz) for several 
different primary intensity levels (40-70 dB SPL; inset).
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levels that the sound conditioning appeared to provide 
protection against the subsequent traumatizing noise.
An interesting finding was observed when comparing the 
DPOAE results of the Blast Only Group and the Interrupted 
Conditioning then Blast Group. Figure 10 illustrates that 
interrupted sound conditioning produced a dual effect on 
the DPOAE responses depending upon the test frequency. The 
results revealed an apparent trend towards an increased 
susceptibility to the traumatizing noise exposure in the 
sound conditioned animals in the lower test frequency range 
(f2 = 707-2000 Hz) and some degree of protection in the 
test frequency range spanning f2 frequencies of 2828-11312 
H z . The differences between the groups were statistically 
significant at f2 frequencies of 707-, 1000-, 8000-, and 
11312 Hz (P<0.05). Still, although statistically 
significant differences were found in the two lowest and 
highest frequencies of f2, it is the frequency-specific 
pattern showing where protection may or may not have 
occurred that is important and is worth further discussion.
The range of frequencies (f2 = 707-2000 Hz) rendered 
more susceptible to the traumatizing noise exposure after 
prior sound conditioning with the interrupted moderate- 
level noise included within it the frequencies of the noise 
exposure band (1000-2000 Hz) and 707 Hz. In looking for an 
explanation for this finding, one might conclude that the 
increased susceptibility in the sound conditioned group may 
be the result of an additive effect between the
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noise-induced reductions in DPOAE amplitudes caused by the 
interrupted conditioning exposure alone and the reductions 
caused by exposure to the traumatizing noise. The 
interrupted sound conditioning exposure, when presented 
alone, had its maximum effect on the DPOAE amplitude growth 
functions measured when the frequency range of f2 was 2000- 
4000 Hz (Figure 5). Smaller DPOAE amplitude reductions 
were found in at the f2 frequencies 707-, 1000-, and 1414 
Hz. Thus, this relatively simple explanation might hold 
true for the frequencies ranging from 707-2000 Hz.
However, also included in the frequency region of 
maximum DPOAE reductions caused by the interrupted 
conditioning noise are f2 frequencies of 2828- and 4000 Hz. 
According to Figure 10, the DPOAEs generated by these f2 
frequencies were somewhat protected from the traumatizing 
noise exposure (more so at 4000- than at 2828 Hz) . The 
amount of protection found was 5 dB or less. This tendency 
toward a protective effect as a result of prior sound 
conditioning was certainly unexpected given the magnitude 
of the DPOAE reductions (11-16 dB) at these frequencies 
after exposure to the sound conditioning exposure alone.
One possible explanation for this result might be that at 
these particular frequencies, the noise-induced amplitude 
reductions caused by sound conditioning were only 
temporary, and full recovery of the amplitudes occurred 
within the 1 week rest period given prior to exposure to 
the traumatizing noise. Another explanation is that there
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may be an overshoot in the recovery pattern of the DPOAE 
responses subsequent to the conditioning exposure such that 
there may be recovery to values better than baseline 
amplitudes. This overshoot phenomenon (or hyper-recovery) 
was reported by Kujawa and Liberman (1996) for frequencies 
within and slightly above the noise exposure band used to 
condition their guinea pigs (2-4 kHz). This overshoot in 
recovery after exposure to an interrupted moderate-level 
(conditioning) noise may be reflected as the protection 
that we see in the DPOAE amplitude growth functions at 
these frequencies.
The protective effects provided by the interrupted 
conditioning noise were also observed for DPOAEs generated 
by the highest frequencies of f2 tested. Slight amplitude 
reductions occurred at f2=5656 Hz in response to the 
conditioning noise, whereas there were virtually no noise- 
induced changes in the DPOAE amplitude growth functions at 
f2 frequencies of 8000- and 11312 Hz caused by the 
interrupted conditioning noise.
The results of this study demonstrating the lack of 
protection in the frequency range encompassing the noise 
exposure band and the existence of protection in the 
frequency range above the noise exposure band in guinea 
pigs conditioned with an interrupted moderate-level noise 
have not been previously reported. The frequency-related 
pattern of protection which has been reported by other 
investigators usually shows that there is. significant
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protection from the subsequent traumatizing exposure 
afforded by prior sound conditioning with an interrupted 
protocol within the frequency region of the exposure band 
which further extends to higher frequencies (Campo et al., 
19 91; Henderson et al., 1992; Subramaniam et a l ., 1992, 
1993) . As mentioned earlier, the lack of protection 
demonstrated in this study for the lower frequency region 
(coinciding with the noise exposure band) could possibly be 
related to the fact that the moderate-level interrupted 
conditioning noise used may have, by itself, caused 
irreversible damage to the outer hair cells within this 
frequency region. Permanent damage to the cells within 
this region of the cochlea may have precluded the 
protective role of the sound conditioning exposure, and 
rendered the auditory system more susceptible to the 
deleterious effects of subsequent noise trauma. Again, as 
for the continuous conditioning protocol, it was not 
determined whether or not this interrupted conditioning 
exposure had any residual effects on the DPOAE amplitude 
growth functions after the one week rest period that was 
interposed between the conditioning and the traumatic 
exposures.
5.3.4 Comparison of the effects of the traumatizing noise 
exposure on the DPOAE responses of animals conditioned with 
continuous vs. interrupted moderate-level noise -- Is 
either sound conditioning protocol more protective?
The primary purpose of this study was to test the 
hypothesis that differences exist in the amount of 
protection provided by prior sound conditioning with
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continuous versus interrupted moderate-level noise. In 
order to test this hypothesis, the average DPOAE responses 
of the Interrupted Conditioning then Blast Group and the 
Continuous Conditioning then Blast Group were compared.
The mean DPOAE amplitudes of the Continuous Conditioning 
then Blast Group were subtracted from the average DPOAE 
responses of Interrupted Conditioning then Blast Group to 
quantify the differences between the groups. The mean 
DPOAE amplitude differences between the Continuous 
Conditioning then Blast Group and the Interrupted 
Conditioning then Blast Group at each primary level and 
frequency are listed in Table 15. Figure 11 provides a 
graphical representation of the mean amplitude differences 
between the two groups (in dB) plotted as a function of 
frequency for several different primary intensity levels 
(40-70 dB SPL). The positive excursions from zero show 
where (in terms of f2 frequency and intensity) the 
magnitudes of the DPOAE responses of the Interrupted 
Conditioning then Blast Group were larger than the those 
measured in the Continuous Conditioning then Blast Group. 
The negative excursions from zero show where the magnitudes 
of the DPOAE responses were actually larger in the 
Continuous Conditioning then Blast Group than in the 
Interrupted Conditioning then Blast Group.
When comparing the effects of the traumatizing noise 
exposure on the DPOAE responses of the sound conditioned 
groups of animals, it was found that the group least

















Table 15. Mean amplitude difference data (in dB) between the Interrupted Conditioning





707 1000 1414 2000 2828 4000 5656 8000 11312
20 -0.37 -0.22 -0 . 64 -0 .44 -0.25 -0 . 84 -0.47 0 .19 0.49
25 -0.33 -0 . 33 -0 . 56 -0 . 71 -0.47 -0 . 83 -0 . 23 0 .19 1. 37
30 -0.58 -0 .29 -0 . 37 -0.93 0 .12 -0 . 87 -0 . 56 0.82 3 .15
35 -0.47 0 . 06 -0 . 74 -0 . 62 -0 .17 -0 . 10 -0.79 1.20 3 . 56
40 -0 . 76 0 .12 -1.19 -0 . 95 -0 . 35 0 .10 0 . 05 2 . 57 4 .26
45 -0 . 88 -0 . 52 -0 .47 -0 . 81 0 . 04 2 . 57 0.26 3 .25 4 . 67
50 -2 .08 -0.37 -2 . 34 -1. 61 0 . 56 4 . 07 0 . 68 3 . 03 5 . 58
55 -2 . 79 -1.13 -2.39 -1. 66 2.32 5 . 64 1.29 2 . 00 1. 56
60 -2.39 -1.37 -2 . 05 -1. 72 1.96 5.13 0.99 2.05 0.71
65 0.12 -1.21 -2.25 -0.66 1.15 4 .72 1.13 3.87 0.69
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Figure 11. Comparison of the effects of the traumatizing noise exposure on the DPOAE 
responses of animals conditioned with continuous vs. interrupted moderate-level noise. 
Data are presented as the mean amplitude differences between the Interrupted Conditioning 
then Blast Group and the Continuous Conditioning then Blast Group (in dB) plotted as a 
function of frequency (0.707-11.312 kHz) for several different primary intensity levels 
(40-70 dB SPL; inset).
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affected by the high-level noise depended upon the 
frequency of f2 being tested (see Figure 11).
Specifically, for low frequencies (f2=707-, 1000-, 1414-, 
and 2000 Hz), the DPOAE amplitudes of the Continuous 
Conditioning then Blast Group were greater than those 
measured in the Interrupted Conditioning then Blast Group. 
The amplitude differences ranged from approximately 2-3 dB 
at 707- and 1414 Hz and 1-2 dB at 1000- and 2000 Hz. These 
differences were statistically significant at 707- and 1000 
Hz (P<0.05). Thus, within this low frequency region, the 
results suggest that traumatizing noise produced slightly 
more damage in the animals previously conditioned with the 
interrupted schedule of moderate-level noise. At higher 
frequencies of f2 (2828-11,312 Hz), however, smaller 
amplitude reductions were found in the DPOAE responses of 
the Interrupted Conditioning then Blast Group as compared 
with the reductions measured in the Continuous Conditioning 
then Blast Group. The amplitude differences between the 
two sound conditioned groups ranged from approximately 1-2 
dB at 2828- and 5656 Hz and 2-6 dB at 4000-, 8000-, and 
11312 Hz. These differences were statistically significant 
at 8000- and 11312 Hz (P<0.05). Thus, the results suggest 
that the damaging effects of the traumatizing noise were 
smaller in the animals previously conditioned with the 
interrupted schedule of moderate-level noise within this 
higher frequency range.
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As discussed earlier, it was within the high frequency 
range that a protective effect was found for animals 
exposed to the interrupted sound conditioning protocol used 
in this study (see Figure 10). However, no real definite 
frequency regions were identified that demonstrated that 
the continuous sound conditioning protocol was either 
helpful or harmful in protecting against the subsequent 
traumatic noise exposure (see Figure 9). Therefore, the 
results of this study suggest that the interrupted sound 
conditioning protocol was more effective than the 
continuous conditioning protocol in providing protection 
against the damaging effects of a subsequent traumatic 
noise exposure for certain frequencies of f2.
There have been other attempts to compare the 
effectiveness of the two different schedules of moderate- 
level conditioning noise (Fowler et a l ., 1995; White et 
a l ., 1996). However, neither of these investigations 
produced results which demonstrated that the conditioning 
protocols used provided any degree of protection against 
the permanent damage caused by the subsequent traumatizing 
noise. Fowler et a l . (1995) used various continuous and
interrupted sound conditioning protocols within their study 
examining the effects of noise trauma in unconditioned and 
sound conditioned mice. However, there did not appear to 
be any real systematic attempt made to match the exposures 
for their energy content. In looking closer at their 
conditioning protocols, there was one continuous exposure
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protocol (86 dB SPL narrowband noise centered at 4.5 kHz 
presented continuously for 10 days) and one interrupted 
exposure protocol (96 dB SPL noise with the same spectral 
characteristics presented 6 hours per day for 10 days) used 
in which a 5-dB trading rule might have been implemented to 
match the energies of the exposures. However, this was not 
stated explicitly. Further, neither conditioning protocol 
was effective in providing protection against the 
subsequent traumatic exposure. For the most part, the 
conditioned animals demonstrated slightly higher permanent 
threshold shifts that the unconditioned animals exposed to 
the same traumatic stimulus.
White et a l . (1996) did appear to make a conscious
effort in selecting their continuous and interrupted sound 
conditioning protocols in order to equate the energy 
content of the two exposure schedules. These investigators 
followed a 3 dB time-intensity trading rule similar to that 
used in the present study. However, when auditory 
brainstem response thresholds and DPOAE amplitudes were 
recorded 3 0 days following the traumatic exposure, both of 
the sound conditioned groups, as well as the unconditioned 
control group, demonstrated similar amounts of permanent 
threshold shift and equal reductions in DPOAE amplitudes.
Thus, the results of the present study suggest that 
overall. there were significant differences in the degree 
of protection provided by prior sound conditioning with 
continuous vs. interrupted schedules of moderate-level
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noise of equal acoustic energy. Given the noise exposure 
protocols chosen for study, it appears that the interrupted 
sound conditioning protocol provided more protection 
against the damaging effects of the subsequent traumatic 
exposure than the continuous conditioning protocol. While 
no real definite frequency regions were identified 
demonstrating that continuous sound conditioning was either 
helpful or harmful in protecting against the subsequent 
traumatic noise exposure (see Figure 9), the effectiveness 
of the interrupted sound conditioning protocol in providing 
protection was highly frequency-dependent. In the 
frequency range encompassing the noise exposure band and 
extending down to & octave below the lower cutoff frequency 
(f2 = 707-2000 Hz), neither sound conditioning exposure was 
effective in providing protection against the subsequent 
traumatizing exposure when the DPOAE responses were 
compared with those obtained in the unconditioned group. 
However, when the frequencies of f2 generating the DPOAEs 
were limited to the frequency region above that of the 
noise exposure band, the results indicate that some degree 
of protection was afforded by the interrupted sound 
conditioning protocol.
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CHAPTER 6 
SUMMARY AND CONCLUSIONS
The primary purpose of this study was to test the 
hypothesis that differences exist in the amount of 
protection provided by prior sound conditioning with 
continuous versus interrupted schedules of moderate-level 
noise of equal acoustic energy. Differences were 
determined by monitoring the changes that occurred in 
distortion product otoacoustic emission (DPOAE) amplitude 
growth functions after a subsequent higher level 
traumatizing exposure in guinea pigs (Cavia cobaya) 
conditioned with either continuous or interrupted noise. 
The results suggest that overall. there were significant 
differences in the degree of protection provided by prior 
sound conditioning with the continuous and interrupted 
schedules of moderate-level noise used in this study. 
Specifically, there was some degree of protection afforded 
by prior sound conditioning with the interrupted noise 
protocol. The frequency region where protection was found, 
however, was limited to the region above that of the noise 
exposure band. Conversely, there was a lack of any 
consistent and sizable protective effect found across the 
entire test frequency range when the continuous 
conditioning protocol was used as the moderate-level 
exposure. Therefore, while neither conditioning protocol 
was effective in providing protection against damaging 
effects of the subsequent traumatizing exposure in the low
151
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frequency range (frequencies encompassing the noise 
exposure band and extending down to M octave below the 
lower cutoff frequency), the interrupted sound conditioning 
protocol was more effective than the continuous 
conditioning protocol in the frequency region above that of 
the noise exposure band.
One possible reason for the lack of protection found 
in this study in response to prior sound conditioning 
(across most test frequencies for the continuous 
conditioning protocol and in the frequency region 
encompassing the noise exposure band for the interrupted 
conditioning protocol) is that the moderate-level 
conditioning exposures may have, by themselves, caused 
irreversible damage to the outer hair cells within the test 
frequency region. Permanent damage to the outer hair cells 
within this region of the cochlea may have precluded the 
protective role of the sound conditioning exposures, and 
rendered the auditory system more susceptible to the 
deleterious effects of the subsequent noise trauma. This 
explanation is supported by the findings of Canlon et a l . 
(1992) which suggested that protection against subsequent 
noise trauma was less likely to occur in the presence of a 
threshold shift induced by the sound conditioning exposure. 
It was not determined whether or not the sound conditioning 
protocols used in the present study had any residual 
effects on the DPOAE responses after the one week rest 
period that was given in between the conditioning and the
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traumatic exposures. Future experiments will include the 
addition of exposure groups whose DPOAE responses will be 
measured after the one week rest period so that information 
can be obtained about the condition of the outer hair cells 
just prior to the traumatic noise exposure.
Many investigators have studied the protective effect 
of different schedules of moderate-level noise on the 
auditory system in a variety of animal species (guinea 
pigs, Canlon et a l ., 1988, 1992; Canlon and Fransson, 1995; 
rabbits, Canlon et al., 1992; chinchillas, Campo et a l ., 
1991; Henderson et al., 1992 Subramaniam et a l ., 1992,
1993a,b; gerbils, Ryan et a l ., 1994; mice, Fowler et al., 
1995). Both continuous and interrupted schedules of 
moderate-level noise have been shown to be effective in 
providing protection against the damaging effects of 
subsequent noise trauma. However, there have also been 
reports suggesting that similar schedules (continuous and 
interrupted) of moderate-level noise exposure, in some 
cases, render the auditory system more susceptible to the 
ototoxic effects of the higher-level subsequent exposure. 
The results of the present study again support the 
protective role of an interrupted sound conditioning 
exposure protocol. However, unlike the findings of other 
studies using similar conditioning protocols (Campo et al ., 
1991; Henderson et al ., 1992; Subramaniam et a l ., 1993a), 
the effectiveness of the interrupted moderate-level noise 
exposure in providing protection was highly
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frequency-dependent, limited only to the frequency region 
above that of the noise exposure band. In addition, while 
other investigators have demonstrated the protective role 
of continuous sound conditioning (Canlon et a l ., 1988, 
1992; Ryan et a l ., 1994; Canlon and Fransson, 1995), the 
results of this study do not support their findings.
Given the disparate findings of this and other 
studies, it appears that the protective effect of prior 
sound conditioning with moderate-level noise is not a very 
straightforward phenomenon and is highly dependent on the 
noise exposure conditions (e.g. frequency, duration, 
intensity), animal species, and response measurements (e.g 
behavioral thresholds, auditory brainstem response 
thresholds, DPOAE amplitudes) studied. Additional studies 
are needed so that a better understanding of the ideal 
exposure conditions for achieving noise-induced resistance 
to hearing loss can be obtained. Before such details are 
worked out, the use of a protocol which incorporates the 
prophylactic use of low-to-moderate level noise for the 
prevention of noise-induced hearing loss would be 
impractical.
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APPENDIX A 
INDIVIDUAL ANIMAL DPOAE AMPLITUDE DATA
The DPOAE amplitude data from each individual animal is 
represented in tabular form for each exposure group according 
to the frequency of f2. Within each set of data shown on the 
following pages, the first column of values represents the 
intenstiy level of the primary tones (20-70 dB SPL) used to 
elicit the DPOAE responses. The remaining columns contain 
the corresponding DPOAE amplitudes (in dB SPL) for each 
animal (Animal #) within the given exposure group.
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00vovo E'-COCNCNCNeno rH incno ro VOvo00rHinE-r- incnininE-rHCN00CO00 rH rHcnCNE-00cnro00r-E— E-VO • . . • • . . • H VO • • • • • • • • • • •CN e- vor-E'-E'-CNrocno o co tl CN E-vor-voino vorH00CNcn1 i i i i I rHCNCN 5 1 1 i 1 i i rHrHCNrH
r-LDCOCOrHcn00CNo 00O CN 0* rH rHin<ninCNm E'­00cnO CNr- r-roO 00c-cnCN<3*CNCN s O e- rHCOvo00o ENroCNE'-CNvo . . . . . • . • 0 VO • • • • ♦ • • • • • •CNVOvoE-r-voin E-cno in M CNvo r-vo rHvorHCOO1 1 i i i \ CNCN 0 1 i 1 i rHrHCN
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O CNO 0 O O 0 0 F-0 o ON40 inF* in0 in0 inF*rH0 • • • • • • • • • • •CN0 0 0 0 0 0 rH rH0rH1rH1rH1rH1rH1rH1rH1 rH0
OVO rHLO 0 F*in0 f̂4F-00 o 0 CTV0 0 rH0 F*0 . • • • • • • • • ♦ •CN 0 0 0 0 0 o 0 0 F*0rH1rH1Hi rH1rHIrH1 rHl i rH
0 rHO F*0 0 'N4F* CTVin00 F 0 CTV0 inrH0 (Tv0 F*in0 • • • • • • • • • •CN0 t̂4 0 rHO 0rHlrHIrHIrHIrH1rH1rHI rHrH
F 0 O O 0 0 0 O F-0 0 F*N4 0 O O 0 CTVO O 0 rH0 CTvrH 0 • • • • • • • • • •I CN0 0 0 rH0 0 o in0 rH£ rHrHrHrHrHrHrH rH0l 1 I I 1 1
Q* 0 rH0 0 if)0 0 O 0 0 N*W 0 0 O 0 O rHO 0 o 0 F-0 0 • * • * • * ♦ • • • •u CN0 0 0 0 0 0 0 in O 0o rHrHrHrHrHrHrH rHrH
0) I2 0 0 0 F"rHrHF* rHin O-H 0 if)in 0 0 rH0 0 0 0 o N4a 0 • . • • • • • • • • •0 CN0 0 0 0 0 rH0 F*•H rHrHrHrHrHrHrH rHjj» l I I
N4F F"F"0 LOCTVm F' in in
a 0 0 rH0 0 F*o O 0 rHCTvrH0 0 • • • • • • • • • • •u CN t̂4 0 0 0 O 0 0rHrHrHrHrHrHrHrH■o 1 1 Ia>V 0 0 CTvm O rH O in0 0cu 0 F O 0 rH0 CTVF*in N40p 0 • . • • • • • • • • •u CN0 0 0 0 0 o O rHin 0 rHu rHrHrHrHrHrHrH rH0a) l l I
Va B o inO inO inO in o inOH *3 0 0 0 0 N4N4m in 0 0 F*





















cs vo CO cn cs rH o VO r- rH ro vo r- in in cs r- r-a\ c- vo cs r- ro VO cn vo ro CO VO r- 0 cs VD vo rHVO • * • • • • • • • VO • • • • • •cs s4 ro ro ro CO o o vo CS ro ro ro
rH1 rH rH i-H rH1 rH rH rH rH rH1 rH1 rH1 rH rH1 rH1
H VO ro VO rH cn 00 cn o ro in CS CO O rH in O ina\ 00 s4rH ro <n CS rH 00 vo CS VO r- cn CO C--VO • • • • • • • • vo • • • ♦ • •cs ro ro ro ro rH cs cn cs cn co cs <31ro CO CS ro s 4
rH
1
rH rH rH rH rH rH rH rH) rHt rH1 rH rHl rH1
o pH rH ro ro [> CS ro vo C" e'­ CS rH m CS VO cn VO rHcn 00 ro in CS cn cn in vo en O VO in rH ro in in cnvo . • • » • • • • • VO • • • • • •cs \S)in ro ro s4 cs ro vo in CS ro S4S4
rHI rH rH rH rH rHI rH rH rH rHI rHl rHl rH rHI rHI
(Ti rH CO O O C- VO CS ro o O 00 in S1VO VO O
00 CS S 4 ro r- VO o cs r- ro in 0̂ in r- rH O r- rovo . • • • • • • • • vo • • • • • •cs S 4 ro cs s 4 rH rH o cn CS ro cs S 4
rHI rH rH rH rH rH rH rH rH rH rH1 rH1 rH1 rH rH1 rH1
00 r- rH rH cs r- cn rH VO r- CS ĉ 00 00 If) CO O CS
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-rl in 00in in O cn CN rH rH rH o COTJ cn in CN ĉ ro cn CN CN O in ĉ Oc in • • • • • • • • • • •0 CN in f vo vo in CO rH in o rou rH rH rH rH rH rH rH
to3 st4VO VO in rH in cn o st*o ro rH0 <n rH O in CN o VO CN O o in rH3 in • • • * • • • • • • •a CN F 00 VO vo in in st* o O•H rH rH rH rH rH rH rH rH rH4J(H 1 l I
g 3 o in O in O in O in o in Ou *9 CN CN roroN4N4in in vo vo


















in co CN CN CN rH vo LA CN vo o rH CN
C" rH F“* ro VO CN rH VO O LA on rH r -
















<3* CO CN rH vo CN LA o CTi CTV rH
ro vo rH LA O LA rH rH ro C"



















ro a \ rH 00 ro (T> CTI 00 VO CN o O
c-» o 00 rH vo 00 vo C" vo o O o C"

















CTI CN o in o f- CN oo CN rH o CN CTi
VO rH CN CN <Tv CN CN in CTi CO VO VO



















o ro CO CTi 00 F" en o rH n~ 00
CTi in 00 CO 00 O m CN CN VO





















CN in 00 CN vo rH CTv in CO I> CN rH r -
ro in rH VO CO rH m c-~ rH CN rH vo




















r—1 VO CO CTi rH CN VO in 00 CO CTV ro O
CO CN rH LA CO vo ro o VO o

















O CO ro CTi VO CO (Ti rH f- VO ro CTV
CO VO LA r - o O CO rH CTV CN CO



















CTI CO cn m vo CO LA CN o CTi 00 CO 00
CN CO m LA LA vo O rH oo CN rH co

















00 o ro O vo LA in CN o CTI c^
CN CN o CTi ro LA F- CN CTi rH CO CO



















r» CO rH t" r - ro CN (T\ LA CTv CTv &> VOCN 00 CTV CO (Tv rH VO VO f- 00 3 CO






















vo o o rH vo o CTi 00 CN CO VO q in
CN 00 ro rH CN ro O LA r - vo o •a CO






















in VO LA CO vo CO rH (Ti CN CN in N*
CN VO O CN CTi (TV O rH ro 00 a CO













in in vo VO sF O CTi rH r - ■U COo <j\ CN LA F- O (Ti VO VO vo rH o & COvo • . • * • • • • • • • p VOCN 0000 F- rH ro 00 ro o LA oo & CN
p HI
81o  in c n  cn
H  Ol N  H

































































































































































































































































































































































































































































20 25 30 35 40 45 50 55 60 65 70

















CM LO ro r- st* ro in rH rH CM vo ro
a\ in CM rH CO O r- st* O o st* 00
vo • • ♦ • • • • • • •
CM CT\ o cn GO CO ro r- O o in orHl CM H
rH rH rH rH rH CM
H cn VO rH ro CM cn rH o ro CM st*<n cn rH st* ^* 00 cn O CM GO VO cn
VO • • • • • • • • • • •
CM CO VS 1 VS 1 CO ro rH in c » 00 r- 00rHI rH rH rH rH
rH rH rH CM
O O O VO VO cn VO CO 00 VO rH t-
<J\ ro 00 in in in st* vo r- cn ro CM
VO • • • • • • • • • • •
CM o o o cn m O r- CM o cn rHCMi CM CM
rH rH rH I rH rH rH
cn r- O ro in O in 00 cn CM in O
GO r- O vo rH c- o rH cn 00 00 st*
vo • • • • • • • • • • •
CM cn cn o CO <3* 00 in o ro CM st*rH1 rH CM rH1 rH
1 rH CM rH
GO cn CM r- L0 CM si* r- vo ro cn r-
GO CO VO in ro CM VO ro rH st* ro rH
vo • . • • • • • • • • •
CM cn cn CO cn st* cn vo vo o rH VOrHJ rH rH rHl rH
i 1 rH CM rH
C- O VO vo O O o o CM in ro inGO CM cn st* cn in CO ro O in O in
VO • • • • • • • • • •
CM cn cn cn 00 vo cn in CM LO st* r-rH1 rHI rH1
rH1 rH1
i rH CM H
VO VO st* VO cn r- rH e- 00 O 00 CM
GO V0 ro cn CM st* r- o st* St* cn st*
VO • • • • • • • • • • •
CM o cn o <3* r- rH rH st* cn rH inCMl rH1 CMI
rH1
1 1 rH CM CM
CM <3* CO CM CM H ro cn CO st* VO oGO rH CO VO CM in 00 VO vo rH 00 o
VO • • • • • • • • • •
CM O cn o O o r- t- CO E- O c-CMl rH1 CMi CMi CMi
rHI rHI
1 CM CM
rH VO VO ro VO vo VO O o rH O O
GO vo m cn o cn cn in ro CM C- ro
VO . • • • • • • • •
CM <n cn cn cn o o o 00 in in 00rH1 rH1 rH1 rH1 rH1 rH1 1 rH rH CM
O cn VO r- O ro CM o CM rH E> CM
00 cn VO o cn m p* ro ro rH ro ro
vo . • • • . • • • » •
CM <n cn rH cn o co CM CM CO 00 rorH1 rH1 CMi rH1 CMi rH1 rH1 i rH CM
<n O ro <3* VO cn ro cn O vo st* rH
r* ro in ro VO o cn st* ro st* CM invo • • • • • • * • • • •
CM o o cn cn cn vo 00 CM O st* rHCMi CMl rH1 rHI rH1 rHl rH rH CM
00 in ro CM cn cn 00 CO st* rH ro rH
r-* CM vo sf* ro vo vo r- ro CM <n VOvo » • * • • * • •
CM o o cn o 00 00 st* CM in in P*CMI CMi rH1 CMl rHJ rH1 rH1 rH rH CM
C- cn CM CM CO in ro ro O in VO CM
P* vo CM VO CM [- oo CO cn o in invo » • » • • • • • • • •
CM <n O o O cn ro ro St* ro cn cnrH1 CMi CMl CMi rH1 rH1 rH rH CM
VO rH rH r- r- r- O vo in 00 CM cn
P- CM cn CO o ro O H o 00 c- rovo * • • • • • • • • ♦
CM cn cn cn o r- ro ro vo ro st* p-rHI rH1 rHl CMi rH1 rH1 rH rH CM
mi o in O in o in o in O in O*31 CM CM CO CO st* st* in in VO vo p*
vo cn 00 CO ro ro O c- rH ro St* c-
vo ro st* vo rH St* in ro O ro rH ro
vo • • • • • • • • • • •











ro rH ro CM VO VO rH cn o ro in r-
vo O rH O ro in o CO vo o CO CO
vo • • • • • • • • • • •









rH rH I rH rH
rH m cn O rH 00 O 00 in vo r- ro
VO r- 00 O cn r- VO CMCM in ro CM
VO . • • • • • • • • ♦ •












00 VO c- in cn o c- m <n ro O r-in ro in st* VO cn co n rH ro in 00
vo • * * • • • • * » * •










00 CO O ln St* cn O cn cn cn CM rH
M* VO rH in CO cn rH vo cn r- cn VO
VO • • • • • • • ♦ • • •










rH 1 i rH
O p- O st* CM CO VO VO o cn ro CM
CM ro O P* VO ro CO in rH rH CO rH
VO • • • • • • • • • • •









i i rH rH
cn VO p- CM CO CO st* O ro E'­ O CM
H in rH CM VO ro cn cn CM en CO 00
VO • • • • • • • • • • •











1 i rH CM
00 00 CO VO O VO rH 00 St* r- ro VO
H CM p- rH cn o CMo in 00 rH vo
VO • • • • • • • • • • •


















p* rH CM CM st* rH VO rH r- ro ro CM
H st* vo 00 p* CO o m CM st* r- rH
VO • • • • • • • • •


















vo in rH O rH cn 00 in rH o cn st*
rH r- st* st* O in VO rH in o o rH
VO • • • • • • • • • •














in C- O VO CM CM cn O in o rH O
H cn rH St* c- cn cn 00 cn cn 00 oVO • • • • • • • • • • *





rHr rH1 rH1 CM
st* rH cn E'­ ro CMo r- st* vo CO cnst* rH O St* en rH VO St* st* VO c- vo vo
rH VO • • • • • • • • • « •I CM o cn <n o cn 00 r- r- cn o vo£ CM rH rH CM rH rH rH rHI i I 1
04 rH in ro c- in If) O st* ro ro cn st*
W O rH CO st* st* O CM O in rH 00 rH
0 vo • • • * • » • • • *








rH O VO ro CM St* 00 o c- cn St* CM O0 o O O 00 ro in cn in vo r- CMinO vo » • • • • • * • • • •
CM o o cn p* CO in o rH m CM r-4J CM CM rH rH rH rH rH rH rH
CQ
/ft
i i l l
uj
rH o in O in O in o in o in om % CM CM CO CO st* st* in in vo vo c-
















in ro o vo vo <n CN CN o vo o00 o cn rH o rH CN CN CN F cn
vo • * • • • • • • • * •
CN m o 00 <n CO T VO o F rH FrHI CN rH rHI rHt
1 rH rH
N 4 cn VO VO CN 00 CO T F CO cn O
00 rH in 00 rH CN 00 rH CN rH VO
vo • • • • • • • ♦ • • •
CN o o Ti cn Ul CN OO «n ln 00CNi CNi CNI
rH1 rH1 rH rH
rH
cn LD ro CN rH cn T N 4 N 4 CN CN rH00 O ro in 00 cn T O rH F vo
vo • • • • • • • • • •
CN O o o cn F m VO rH VO CO FCNi CNi CN rHl rHi r-t
1
in vo f CN F N 4 vo CO N 4 rH cn VDvo in CN rH O CN CO CO O rH 00 VO
vo • • • • • • • • • •
CN T (Ti o cn <n rH N 4 N 4 rH f N 4rHI rHl CN rHI rH1 rH1
l rH rH rH
VO rH cn VO CN T CN CO 00 in
vo VO ro vo VO rH O CN rH rH VO cn
vo • • • • • • • * • • •
CN cn (T cn 00 o F O N 4 O in orH1 rH1 rHI rHl CNi rHt rH\
i rH
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N 4 O CN cnro CN N 4 O rocn rH rHCO O c- rH rH C- in VO CN CO ovo . • • * • • • ♦ •CN O t̂4rH voo t̂4r- O CO r- CN
rH1 1 rH rH rH CN CN ro
COin LO 00 O in 00ro CN ro VDCON4 CN C- rH ro VO rH VD CO rovo . • • • • • • • • •CN rH VD rH rocnro CN O r- rH
rH1 1 1 rH rH CN roro
£9 o in O in o in O LOo in O*3 CNCNroro in in VD VD >













CN st* st* rH 00 vo st* o r- St* <n cn vo in E> cn vo rH st* cn m rH o st*
(Ti rH CO in m st* C"-r- o rH rn r- vo m in in vo VO <n m CN CO o voVO • • • • • • • • • vo • • • • • • • • •00 00CN m rH cn CN rH E'­ rH r- VO o r- CN o st* CN vo O m c— st* CNrHl rH1 rH rH CN m m rH1 1 rH rH rH CN m m
m
rH rH o in cn LO en C- CN r- o cn cn cn cn CO 00 CN O VO CN rH c- nCn rH vo o cn in vo r- CN St* CN vo vo cn co O CN O cn CO VO St* m CNvo . . • . • • • • • • vo • • ♦ • • » • • •vo *CN CN CO rH St* cn rn in VO 00 r- o CN m co CN in rH in cn CN E'­ oHi I 1 rH rH rH CN cn st* rH1 1 I rH rH rH CN EN m st*
O CN CO m in 00 st* CN in st* m O rH in o rn rn CN st* VO CO cn H CN
C\ st*vo St* rH m m r- <3* rH 00 VO CO in o c- VD cn r- in m in E'­VO . • . > • • • • • VO • • • • • • • • •in enCN CN G\ CN m co CN vo 00 m m cn CN CN m CN o r- m CN in st*Hi \ rH rH rH CN m cn rH1 rH1 rHI rH1 \ l CN cn
cn
cn rH VO st* m vo VO cn St* o r- r- 00 cn in in C- St* CO VO o VO *̂ CN00 VO <n on o cn in o rH CN <n CN in cn vo CO VO cn c- CN cn 00 o rHvo , . » . . • • • • • vo • • ♦ • • • • • • •cnCN st* G\ in CN r- CN vo r- m in CN CN CO cn rH VO o st* 00 m o c-rHl l i rH rH rH CN m st* 1 i rH rH rH CN m m
m
00 CO VO cn CN cn CN in cn St* m rH 00 cn St* st*m O cn in rH o n CO00 rH E*- cn m o cn rH r- vo r- in St* St* 00 CN r- St* rH cn cn r- *̂ rHvo • . • • • . • • • vo • • ♦ • • • • • •CN 00CN cn (T\ rH m cn rn CO o rH m o CN m CN CO o St* cn CN vo mrHI 1 1 H H CN CN m st* rHI Hi ! i H rH CN m
m
r- CN m O st* st* CN rH cn rH in t- o in CN r- rH rH CO St* CO cn n o00 rn <j\ VO c- cn CO in co rH o <n CN CN rH rH c- F- in St* cn m st* rHvo . • . . • • • • • • vo • • • • • • • • •vo •CN CN E*- rH m cn rn C- o cn 00 rH CN cn CN cn St* o m o 00 cn cnrHl i l rH rH CN CN cn St* rHI rH1 i I 1 rH rH CN cn
m
VO VO O CO rH in c- CN m r- st* cn <n cn O o r- rH vo cn St* cn o CN00 CTv st* CN CN vo in 00 CO cn CN vo rH m 00 c- r- VO st* in VO c- m enVO . • . » • « • • • • VO • • • • • • • • • *CN rn cn CN st* cn st* GO o CN vo o CN cn cn rH vo o m St* in E'­ r- HrH1 i t pH rH CN CN m st* i i rH rH rH rH EN m
st*
CN O cn st* O vo in m co VO <n in 00 St*00 rH cn in rH cn m O o m00 LD r- CN cn o in CO cn CN st* CN rH rH r- 00 m m rH r- O c- CO st*vo . . • . • . • • • . VO • • • • • • • • •00 •CN rH r- CN CN co CN VD CN o E'­ rH CN CN cn vo rn o m o CN rH rHrHl i l rH rH CN m en sj* rH1 i 1 i i rH CN cn m st*
rH st*00 rH in E> O in <n 00 m O t- r- cn m st*r- m rH m o GO s}*00 LO cn rH vo vo st* in r- vo m rH rH 00 CN st*cn 00 vo cn rH rH 00 00VO * . . • . • • ♦ * VO • • • • • • • • • •cnCN m cn m m cn sj* CO rH 00 E'­ rH CN rH vo O cn r- rH St* rH O vorH1 i t rH rH CN CN en st* rH1 I i rH rH CN cn cn m
O CN sj* VO vo co VO CN rH st* <n m VO LO cn 00 o co VO rH r- st* vo vo00 VO <n C- in vo rH VO cn O CN oo rH in o m st* 00 O CO cn 00 vo 00vo . . • . • • • • • • VO • • • • • • • • • •cnCN CN rH st*l rH r- m r- o VO in o CN m CN St*o in rH LO rH o E'­rH1 rHI rH rH CN CN m st* rH1 rHI 1 rH rH CN cn en m
cn VO 00 rH St* St*VO m r- CN rH O in VO CN c- vo c- C— rH rH st* c- r-
r* m rn cn m rn CN st* vo m cn st* H 00 CO CN H vo rH CN cn cn 10 covo . . . . • • . • • VO • • • • • • • • • • •CN m CN St* rH r- CN VO <n r- vo rH CN m cn st*CN r- CN VO rH cn e'­ rH
rH1 rH1 1 rH rH rH CN m st* rHI i I rH rH CN CN en *t*
00 sr rH VO st*vo CN rH VO c- CN c- st* r- in C- cn o co cn CO CN rH «*CO r- vo cn in O in VO o rH st* St* rH st* 00 m r- o in CN CN r- st* Ovo . • . • • • • • • • • H VO • • • • • • • • • • •CN rH LO o st* cn st* r- CN CN CO O II CN m cn m CN co CN vo cn in st* o
rHI 1 rH rH CN m m st* £ rHI i i rH rH H CN rn st*
c- LO rH LD O CN in O VO CN vo O 0i H VO cn vo r- vo st* CN H rn rn CNin in cn <n cn St* CN LO CO vo cn 3 O cn CN rH o c- CN cn in cn 00 CNvo . • . . • • • 0 vo • • • • • • • • • cnCN CN CO CN CN r- CN VO rH o 0* <n U CN CN <n st* o st* CO rH rH CN 00
rHl 1 i rH rH CN m m m 0 rH1 i I rH CN m m m
vo 00 rH cn 00 rH CN CO O CN m E'­ >irH O rn st* E'­ LO cn CN rH cn St* st* <n
r- VO rH in rH st* st* CO rH CN en e O co CN en CN 00 St* cn m in in 00vo . . . . • * • • • • o VO • » • • • • • • • •CN CN rH m m 00 m C- rH O 00 rH CN CN o rn CN vo O CN c— r- VO o
rH
1
rH1 i rH rH CN m cn st* 4JEQ rH1 rH1 i rH rH rH CN m sF
9 o in o in o in O in o in O (tirH 9 o in o in o in o in o in o*0 CN CN cn cn st*st* in in vo vo r- 9 3 CN CN cncn St* st* in in VO vo r-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 9 7




0 in o o OV inrH
ov CO rH ov rH00 00 VO ro vo O CTVlO • • • • • • •CN ii-
vo rH ro 00 12 16
cn CO LO LO CO CTt00 OV r- CN o in 00to • • • ♦ . •CN OVI rH vo 10 14 18
in CN r- 00 rH in r-10 OV LD CO in CN vo10 • • • ♦ • •CN rH
rHI
VO rH ro 00 13 16
CN LO OV in ro 00 CTt10 VO E*- OV in ov vo10 • • • • • • •CN
-1
2 OV VO1 oi orH rorH
CN If) CO CN H o VO O10 CN o ro VO o VO VO10 • • • • • • •CN
rH1
001 Oi in 11 15
61
O ro vo ro 00 (Tt VO10 r- <JV ro ro rH CN10 . • • • • •CN
-1
2 OVI rH1 in ii 16 20
cn rH rH O cn in in roin r- ro o CN rH10 • • • • • • •CN
-1
2 ovi roi rH in OV 12
C' CN o OV CN f' 00in 10 CO in in in CN oin - • • • • • •CN
-1
2 o\[ roi rH c- 12 16
i0 CO o CTi ov vo oin oo 00 ov rH C"*10 • • • • • • •CN
-1
2 co1 rH1 ov 14 18
in CO LO VO 00 VO oin rH o ro vo CN oin • • . • • . •CN II- roi ro 00 12 16
61
ro OV O 00 ro r- coin LD in rH vo rH <nvo . • . » • . •CN
-1
2 ii-
COi O1 10 13
VD vo CN o E*- V0 inCO r- o vo CNvo • • • • • • •CN
-1
2 001 Oi vo 11 16 20
CN CD CN rH in r- CN id




2 r-i CNI ro CO 13
dB 20 in o in o in oCN ro ro in
Reproduced with permission of the copyright owner.
in t—\o o cn CN OV cn rH VO rH in CD CN cvin cn o ov H in ro O CO vo rH rH o. . • (0 • • • • • • • • * • •





3 cni CN orH 15 00rH 21 34 42
ro VO GO r- CN ro rH CN in rH LO in in o r-* OVin vo VO CN rH vo in m GO in VO vo ov in r-• • . . 10 • • • • • • • • • ♦ •






II- ini rH1 ro 10 19 27 33 36
r- CO rH o rH ro 00 CN E> OV rH m m inro rH ro in rH OV in O in in cn rH i> o U>• . • • 10 • • • • • • • • • • •
23 30 37 41
CN
-1
0 001 ini CNl o ro V0 20 30 38 40
CTt CN rH C- O OV o vo ro CN o CN OV o oro CN 00 rH rH vo o in OV vo m CN VO CN o• • 10 • • • • • • • • • • •
21 30
e'­en 41 CN -1
2 r-t rHI oo 12 14 18 29 36 37
in rH o c-~ cn CN CN ro CN m ro 00 in CN OV CNro OV ro c- o rH LO o ov 00 00 r-~ rH CN. * • i0 • • • • • • • • • • •





0 vo1 Hl ov 13 12 21 33 40
VO CN CO OV in vo r- vo vo o vo ro ro roro OV 00 rH o in vo ro rH rH CN oo CN CO ro. . . 10 . • • • • • • • • • •
22 29 36 43
CN
-1
3 ov1 vo1 rH1 ro E- 13 20 29 35 38
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APPENDIX B
MEAN DPOAE AMPLITUDE DATA
Table 16a. Mean DPOAE amplitude data (in dB SPL) for the 
Aged Normal, Interrupted Conditioning, and Continuous 
Conditioning Groups when f2=707 Hz. Data are listed as the 
mean ± standard error (n=14 animals/exposure group) for 






20 -7.20 + 0.15 -6.86 ± 0.15 -6.84 ± 0.15
25 -6.95 ± 0.16 -6.85 ± 0.15 -6.84 ± 0.12
30 -6.44 ± 0.25 -6.68 + 0.19 -6.96 ± 0.15
35 -5.54 + 0.47 -5.98 + 0.30 -6.82 ± 0.18
40 -1.63 + 0.64 -2.36 ± 0.62 -6.64 ± 0.14
45 3.03 + 0.82 2.74 + 0.65 -4.53 ± 0.42
50 4.81 ± 1.05 7.67 ± 0.86 0.29 ± 0.67
55 5.18 ± 1.07 11.70 ± 0.96 4.26 ± 0.92
60 15.77 + 1.46 13.30 ± 1.43 8.36 ± 0.74
65 26.32 + 0.75 20.97 ± 0.76 19.80 ± 0.35
70 31.88 ± 0.66 26.27 ± 1.15 27.66 ± 0.64
Table 16b. Mean DPOAE amplitude data (in dB SPL) for the 
Blast Only, Interrupted Conditioning then Blast, and 
Continuous Conditioning then Blast Groups when f2=707 Hz. 
Data are listed as the mean ± standard error (n=14 









20 - 7 . 0 4  + 0 . 1 2 - 7 . 3 1  + 0 . 1 0 - 6 . 9 4  ± 0 . 2 0
25 - 6 . 6 6  ± 0 . 1 2 - 6 . 9 0  ± 0 . 1 3 - 6 . 5 7  ± 0 . 2 1
30 - 7 . 0 3  ± 0 . 1 8 - 6 . 9 2  ± 0 . 1 2 - 6 . 3 4  ± 0 . 4 2
35 - 6 . 8 8  + 0 . 1 8 - 6 . 8 5  + 0 . 1 7 - 6 . 3 8  ± 0 . 3 3
40 - 6 . 0 2  ± 0 . 2 0 - 6 . 6 3  ± 0 . 1 8 - 5 . 8 7  ± 0 . 3 2
45 - 3 . 3 6  ± 0 . 8 7 - 4 . 4 7  + 0 . 6 7 - 3 . 5 9  ± 0 . 7 0
50 1 . 7 4  + 1 . 0 3 - 0 . 4 9  + 1 . 1 8 1 . 5 9  ± 0 . 9 3
55 7 . 0 0  + 1 . 2 8 4 . 2 7  ± 1 . 3 0 7 . 0 6  ± 0 . 8 5
60 1 3 . 1 2  + 1 . 4 6 9 . 3 7  ± 1 . 4 4 1 1 . 7 6  ± 0 . 9 5
65 2 0 . 1 0  ± 0 . 8 9 1 5 . 9 5  ± 1 . 6 9 1 5 . 8 3  ± 1 . 1 9
70 1 9 . 6 6  ± 1 . 0 4 1 7 . 7 4  ± 1 . 7 0 1 4 . 4 7  ± 1 . 5 5
198
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Table 17a. Mean DPOAE amplitude data (in dB SPL) for the 
Aged Normal, Interrupted Conditioning, and Continuous 
Conditioning Groups when f2=1000 Hz. Data are listed as 
the mean + standard error (n=14 animals/exposure group) for 






20 -9.57 ± 0.19 -9.31 + 0.14 -9.86 ± 0.17
25 -9.61 ± 0.26 -9.25 ± 0.21 -9.76 ± 0.16
30 -9.73 ± 0.28 -9.34 ± 0.19 -9.83 ± 0.10
35 -8.28 ± 0.39 -8.68 ± 0.34 -9.93 ± 0.14
40 -4.74 ± 0.74 -6.76 ± 0.69 -9.88 ± 0.14
45 0.35 ± 0.87 -1.40 + 0.97 -8.53 ± 0.28
50 3.52 ± 0.84 5.32 + 1.15 -4.03 ± 0.58
55 1.94 ± 1.07 11.32 + 0.83 4.18 ± 0.65
60 10.37 ± 1.73 15.43 ± 0.54 11.29 ± 0.60
65 23.10 ± 1.03 17.84 + 0.62 16.77 ± 0.71
70 29.17 ± 0.78 21.03 ± 1.02 22.26 ± 0.74
Table 17b. Mean DPOAE amplitude data (in dB SPL) for the 
Blast Only, Interrupted Conditioning then Blast, and 
Continuous Conditioning then Blast Groups when f2=1000 Hz. 
Data are listed as the mean ± standard error (n=14 









20 -9.94 ± 0.20 -9.61 ± 0.12 -9.39 ± 0.26
25 -9.83 ± 0.26 -9.70 + 0.19 -9.37 ± 0.32
30 -9.57 ± 0.18 -9.58 ± 0.12 -9.29 + 0.21
35 -9.27 ± 0.21 -9.21 ± 0.16 -9.27 + 0.21
40 -9.46 ± 0 .17 -9.43 ± 0.23 -9.55 + 0.30
45 -8.62 ± 0.35 -9.07 ± 0.25 -8.55 + 0.38
50 -6.07 ± 0.65 -6.06 ± 0.83 -5.69 + 0.87
55 -0.14 ± 1.09 -1.28 ± 1.23 -0.15 + 1.10
60 6.09 ± 1.28 4.71 + 1.45 6.08 + 1.00
65 11.62 ± 1.69 10.21 ± 1.70 11.42 ± 1.06
70 18.27 ± 1.29 16.15 ± 1.69 16.83 ± 1.27
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Table 18a. Mean DPOAE amplitude data (in dB SPL) for the 
Aged Normal. Interrupted Conditioning., and Continuous 
Conditioning Groups when f2=1414 Hz. Data are listed as 
the mean ± standard error (n=14 animals/exposure group) for 






20 -12.00 ± 0.22 -11.78 ± 0.25 -12.16 ± 0.15
25 -11.99 ± 0.24 -11.55 ± 0.25 -12.14 ± 0.12
30 -11.64 ± 0.31 -11.24 ± 0.30 -11.91 + 0.20
35 -10.48 ± 0.28 -11.48 ± 0.38 -11.40 ± 0.24
40 -5.40 ± 0.64 -10.41 ± 0.55 -11.67 ± 0.32
45 -0.03 ± 0.86 -7.79 ± 1.18 -11.41 ± 0.24
50 3.46 ± 0.96 -2.43 ± 1.80 -8.96 ± 0.94
55 5.36 ± 1.18 3.26 ± 2.25 -2.40 + 1.58
60 11.35 ± 0.85 9.23 ± 2.01 5.82 ± 1.85
65 22.77 ± 0.56 15.29 ± 1.12 12.41 ± 1.69
70 29.54 ± 0.61 22.48 ± 1.32 15.77 ± 0.88
Table 18b. Mean DPOAE amplitude data (in dB SPL) for the 
Blast Only, Interrupted Conditioning then Blast, and 
Continuous Conditioning then Blast Groups when f2=1414 Hz. 
Data are listed as the mean ± standard error (n=14 









20 - 1 1 . 9 5  ± 0 . 2 0 - 1 2 . 2 7  ± 0 . 1 1 - 1 1 . 6 3  ± 0 . 2 4
25 - 1 1 . 7 3  ± 0 . 2 2 - 1 2 . 0 3  ± 0 . 1 7 - 1 1 . 4 7  ± 0 . 3 2
30 - 1 1 . 6 1  ± 0 . 2 6 - 1 1 . 7 6  ± 0 . 1 1 - 1 1 . 3 9  ± 0 . 2 1
35 - 1 1 . 4 3  ± 0 . 2 8 - 1 1 . 6 6  ± 0 . 1 5 - 1 0 . 9 2  ± 0 . 2 5
40 - 1 1 . 3 9  ± 0 . 3 1 - 1 1 . 7 6  ± 0 . 1 7 - 1 0 . 5 7  ± 0 . 2 6
45 - 1 0 . 1 5  ± 0 . 5 1 - 1 1 . 0 4  ± 0 . 2 1 - 1 0 . 5 7  ± 0 . 2 8
50 - 7 . 7 6  ± 0 . 8 1 - 1 0 . 2 1  ± 0 . 5 9 - 7 . 8 7  + 0 . 8 0
55 - 1 . 4 9  ± 1 . 0 0 - 5 . 9 4  ± 1 . 1 7 - 3 . 5 5  ± 1 . 2 3
60 4 . 5 2  ± 0 . 9 9 - 0 . 6 8  ± 1 . 6 1 1 . 3 7  ± 1 . 5 4
65 10 . 14  ± 0 . 92 5 . 3 5  ± 1 . 4 9 7 . 6 0  + 1 . 4 6
70 1 6 . 8 4  ± 1 . 5 4 1 1 . 4 9  ± 1 . 3 2 1 3 . 7 3  ± 1 . 7 0
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Table 19a. Mean DPOAE amplitude data (in dB SPL) for the 
Aged Normal, Interrupted Conditioning, and Continuous 
Conditioning Groups when f2=2000 Hz. Data are listed as 
the mean ± standard error (n=14 animals/exposure group) for 






20 -14.18 ± 0.23 -13.64 ± 0.20 -14.34 ± 0.15
25 -14.36 ± 0.14 -13.93 ± 0.23 -14.11 ± 0.21
30 -13.82 + 0.22 -13.96 ± 0.23 -14.52 ± 0.21
35 -12.51 ± 0.43 -13.73 ± 0.30 -14.21 ± 0.17
40 -7.39 ± 0.65 -13.92 ± 0 . 2 9 -14.19 ± 0.15
45 -1.25 ± 0.57 -12.53 ± 0.57 -13.89 ± 0.25
50 3.34 + 0.52 -10.25 ± 1.16 -13.74 ± 0.32
55 7.23 ± 0.55 -4.00 ± 1.52 -10.97 ± 0.71
60 11.64 + 0.70 3.30 ± 1.60 -2.26 ± 1.22
65 18.32 + 0.92 10.44 + 1.67 7.78 ± 1.42
70 27.38 ± 0.56 18.55 ± 1.23 17.12 ± 0.92
Table 19b. Mean DPOAE amplitude data (in dB SPL) for the 
Blast Only, Interrupted Conditioning then Blast, and 
Continuous Conditioning then Blast Groups when f2=2000 Hz. 
Data are listed as the mean ± standard error (n=14 









20 -13.93 ± 0.18 -14.40 + 0.12 -13.96 ± 0.23
25 -13.55 ± 0.24 -14.35 + 0.12 -13.64 ± 0.23
30 -14.29 ± 0.18 -14.41 + 0.12 -13.48 ± 0.24
35 -13.65 ± 0.27 -14.19 + 0.20 -13.57 ± 0.22
40 -13.33 ± 0.37 -14.26 ± 0.15 -13.31 ± 0.28
45 -13.32 ± 0.36 -13.87 ± 0 . 2 0 -13.06 ± 0.28
50 -11.26 + 0.73 -13.12 ± 0.62 -11.51 ± 0.56
55 -6.19 ± 1.19 -10.12 ± 1.13 -8.46 ± 1.50
60 0.35 ± 1.51 -4.55 ± 1.48 -2.83 ± 1.94
65 6.18 + 1.70 1.70 ± 1.88 2.36 ± 2.32
70 11.95 ± 1.56 7.20 ± 1.58 8.50 ± 1.96
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Table 20a. Mean DPOAE amplitude data (in dB SPL) for the
»  J  \ r _  ~i - T  ^  *•* -i_- -u-1 *«*•»*»— . J  ^  -» 4—  -J 4 •»-> r - + — ► ^  4—  -»
f i y c u  l N V J i . l l i a X  /  X l i U C l l U ^ t C U  V ^ W U U X U X V J i i X l i y  /  C X X X V A  W X X U X X i U S ^ U O
Conditioning Groups when fz=2828 Hz. Data are listed as
the mean ± standard error (n=14 animals/exposure group) for 






20 -17.18 ± 0.20 -16.93 ± 0.16 -17.11 ± 0.15
25 -17.00 ± 0.21 -16.59 ± 0.17 -17.24 ± 0.12
30 -16.01 ± 0.40 -16.51 ± 0.18 -16.61 ± 0.16
35 -13.09 ± 0.59 -16.44 ± 0.16 -17.09 ± 0.15
40 -7.85 ± 0.63 -15.94 ± 0.46 -17.12 ± 0.22
45 -4.00 ± 0.76 -14.90 ± 0.98 -16.63 ± 0.29
50 1.46 ± 0.81 -11.51 ± 1.53 -14.93 ± 0.67
55 7.36 ± 0.83 -5.29 ± 1.70 -9.18 ± 1.23
60 14.88 ± 0.84 1.68 ± 1.74 -0.15 ± 1.53
65 21.73 ± 0.74 8.56 ± 1.48 9.69 ± 1.64
70 23.31 ± 1.34 15.20 ± 1.16 19.29 + 1.62
Table 20b. Mean DPOAE amplitude data (in dB SPL) for the 
Blast Only, Interrupted Conditioning then Blast, and 
Continuous Conditioning then Blast Groups when f2=2828 Hz. 
Data are listed as the mean ± standard error (n=14 









20 -16.79 ± 0.19 -16.99 ± 0.14 -16.74 ± 0.22
25 -16.97 ± 0.21 -17.09 ± 0.14 -16.62 ± 0.24
30 -16.90 ± 0.27 -16.68 ± 0.13 -16.80 ± 0.33
35 -16.53 + 0.25 -16.63 ± 0.12 -16.46 ± 0.27
40 -16.93 ± 0.26 -16.71 ± 0.16 -16.36 ± 0.26
45 -16.00 ± 0.32 -15.87 ± 0.33 -15.91 ± 0.27
50 -13.82 ± 0.95 -13.49 ± 0.90 -14.05 ± 0.78
55 -8.76 ± 1.62 -8.03 ± 1.39 -10.35 ± 1.32
60 -2.90 ± 1.98 -2.82 ± 1.84 -4.78 ± 1.54
65 1.09 ± 1.88 3.51 ± 1.53 2.36 ± 1.66
70 5.81 ± 1.48 10.69 ± 1.24 11.06 ± 1.35
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Table 21a. Mean DPOAE amplitude data (in dB SPL) for the 
Aged Normal, Interrupted Conditioning, and Continuous 
Conditioning Groups when f2=4000 Hz. Data are listed as 
the mean ± standard error (n=14 animals/exposure group) 






20 -19.45 ± 0.19 -19.70 ± 0.19 -19.83 ± 0.13
25 -18.08 ± 0.45 -19.18 ± 0.22 -19.90 ± 0.15
30 -14.09 ± 0.77 -19.59 ± 0.25 -19.97 ± 0.21
35 -7.65 ± 0.64 -18.96 ± 0.27 -19.13 ± 0.43
40 -2.25 ± 0.56 -17.26 + 0.61 -16.74 ± 0.93
45 2.69 ± 0.48 -13.91 ± 1.22 -12.53 ± 1.26
50 7.99 ± 0.45 -6.20 ± 1.17 -6.90 ± 1.38
55 13.59 ± 0.70 3 .36 ± 1.10 1.47 ± 1.38
60 20.75 ± 0.60 12.65 + 1.07 13.01 ± 0.99
65 23.31 ± 1.04 18.53 ± 0.77 18.72 + 0.86
70 22.25 ± 1.48 21.64 ± 1.10 22.81 ± 1.60
Table 21b. Mean DPOAE amplitude data (in dB SPL) for the 
Blast Only, Interrupted Conditioning then Blast, and 
Continuous Conditioning then Blast Groups when f2=4000 Hz. 
Data are listed as the mean ± standard error (n=14 







Condi t ioning 
then Blast
20 -19.10 ± 0.25 -19.71 ± 0.13 -18.87 ± 0.30
25 -19.04 ± 0.31 -19.72 + 0.17 -18.89 ± 0.35
30 -19.15 ± 0.25 -19.46 ± 0.22 -18.59 ± 0.31
35 -18.82 ± 0.33 -18.76 ± 0.43 -18.66 ± 0.35
40 -17 .43 ± 0.69 -17.26 + 0.85 -17.36 ± 0.49
45 -14.57 ± 1.28 -12.54 ± 1.42 -15.11 ± 1.28
50 -10.08 ± 1.84 -5.96 ± 1.60 -10.03 ± 1.68
55 -4 . 54 ± 2 .18 0.55 ± 1.60 -5.09 ± 2.21
60 0.94 ± 1.77 5.83 ± 1.71 0.70 ± 2.11
65 7.23 ± 1.31 10.80 ± 1.42 6.08 ± 2.09
70 15.02 ± 1.92 15.24 ± 1.54 13 .30 ± 1.67
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Table 22a. Mean DPOAE amplitude data (in dB SPL) for the 
Aged Normal, Interrupted Conditioning, and Continuous 
Conditioning Groups when f2=5656 Hz. Data are listed as 
the mean + standard error (n=14 animals/exposure group) for 






20 -18.74 ± 0.39 -19.02 + 0.30 -19.83 ± 0.19
25 -14.57 ± 0.66 -16.89 + 0.49 -19.69 ± 0.22
30 -8.20 ± 0.81 -12.52 ± 1.06 -16.64 ± 0.74
35 -2.22 ± 0.68 -7.82 + 1.20 -10.54 + 1.23
40 3.03 ± 0.58 -3.34 + 1.46 -4.67 ± 1.42
45 7.85 ± 0.52 1.91 ± 1.10 0.30 + 1.53
50 12.40 ± 0.46 6.75 ± 0.92 4.66 ± 1.70
55 17.53 ± 0.58 12.19 + 0.75 10.78 + 1.02
60 24.24 + 0.58 20.28 + 0.67 18.63 + 0.91
65 28.14 ± 0.44 25.32 + 0.71 23 .10 + 0.84
70 24.94 ± 0.92 22.36 ± 1.47 21.88 ± 0.87
Table 22b. Mean DPOAE amplitude data (in dB SPL) for the 
Blast Only, Interrupted Conditioning then Blast, and 
Continuous Conditioning then Blast Groups when f2=5656 Hz. 
Data are listed as the mean ± standard error (n=14 







Condi t i oning 
then Blast
20 -19.39 ± 0.16 -19.61 + 0.12 -19.14 + 0.33
25 -18.83 ± 0.37 -19.63 ± 0.14 -19.40 + 0.28
30 -18.86 + 0.36 -19.58 ± 0.16 -19.02 + 0.35
35 -18.64 ± 0.54 -19.28 ± 0.32 -18.49 + 0.40
40 -17.45 ± 0.84 -16.70 + 0.63 -16.75 ± 0.93
45 -11.94 ± 1.19 -10.93 ± 1.14 -11.19 + 1.51
50 -4.48 ± 1.24 -3.20 ± 1.14 -3.88 + 1.66
55 3.52 ± 0.92 4.62 + 0.75 3.33 ± 1.46
60 10.29 ± 0.70 11.23 ± 0.60 10.24 ± 1.28
65 15.78 ± 0.64 17.17 ± 0.77 16.04 + 1.42
70 22.14 ± 1.22 24.09 ± 1.13 22.85 ± 1.51
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Table 23a. Mean DPOAE amplitude data (in dB SPL) for the 
Aged Normal, Interrupted Conditioning, and Continuous 
Conditioning Groups when f2=8000 Hz. Data are listed as 
the mean ± standard error (n=14 animals/exposure group) for 






20 -15.05 ± 0.56 -14.39 + 0.35 -15.91 ± 0.13
25 -11.25 + 0.93 -9.96 ± 0.68 -13 .99 + 0.31
30 -5.28 + 1.02 -4.07 ± 0.70 -8.79 + 0.54
35 0.27 ± 0.92 1.23 + 0.73 -2.70 ± 0.67
40 5.31 + 0.76 5.96 ± 0.66 2.83 + 0.65
45 9.68 ± 0.69 10.14 + 0.58 7.64 ± 0.58
50 13.89 + 0.59 13.88 ± 0 .48 11.82 ± 0.56
55 19.17 ± 0.75 18.00 ± 0.46 16.32 + 0.53
60 26.60 + 0.82 25.64 ± 0.51 24.16 + 0.71
65 33 . 15 + 0 . 52 33.05 ± 0.29 31.64 ± 0.48
70 35.76 ± 0.39 35.72 ± 0.33 34 .32 + 0.42
Table 23b. Mean DPOAE amplitude data (in dB SPL) for the 
Blast Only, Interrupted Conditioning then Blast, and 
Continuous Conditioning then Blast Groups when f2=8000 Hz. 
Data are listed as the mean ± standard error (n=14 









20 -16.17 ± 0.25 -16.07 + 0.27 -16.26 + 0.23
25 -16.13 ± 0.31 -15.46 ± 0.37 -15.65 ±0.35
30 -15.68 ± 0.29 -13.92 + 0.86 -14.74 ± 0.71
35 -14.03 + 0.57 -11.23 + 1.29 -12.43 ± 1.17
40 -11.12 ± 0.89 -7.05 ± 1.23 -9.62 ± 1.48
45 -7.02 ± 1.13 -2.89 + 1.10 -6.14 ± 1.62
50 -3.31 ± 1.58 3.01 ± 0.87 -0.02 ± 1.37
55 5.71 ± 1.14 9.87 + 1.28 7.87 ± 1.32
60 15.47 + 1.45 17.64 ± 1.87 15.59 ± 1.85
65 24.34 ± 1.52 27.86 + 1.36 23.99 ± 1.80
70 31.11 ± 0.76 33.48 ± 0.57 30.52 ± 1.13
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Table 24a. Mean DPOAE amplitude data (in dB SPL) for the 
Aged Normal/ Interrupted Conditioning/ ^nd uunuinuous 
Conditioning Groups when f2=113l2 Hz. Data are listed as 
the mean ± standard error (n=14 animals/exposure group) for 






20 -11.79 + 0.44 -11.75 ± 0.31 -12.85 ± 0.23
25 -7.27 ± 0.51 -7.37 ± 0.57 -9 .61 ± 0.49
30 -1.18 ± 0.57 -1.24 ± 0.63 -3.32 ± 0.61
35 4.67 + 0.48 4.83 ± 0.59 2.84 ± 0.49
40 9.76 ± 0.38 10.03 ± 0.51 8.17 ± 0.56
45 14.21 + 0.33 14.37 ± 0.49 12.95 ± 0.45
50 18.02 ± 0.37 18.08 ± 0.41 16.78 ± 0.47
55 22.14 ± 0.60 20.76 ± 0.36 20.18 ± 0.56
60 30.07 ± 0.73 28.20 ± 0.54 27.16 ± 0.89
65 37.94 ± 0.44 36.67 ± 0.33 36.13 ± 0.61
70 41.46 ± 0.31 41.36 ± 0.32 40.71 ± 0.30
Table 24b. Mean DPOAE amplitude data (in dB SPL) for the 
Blast Only, Interrupted Conditioning then Blast, and 
Continuous Conditioning then Blast Groups when f2=11312 Hz. 
Data are listed as the mean ± standard error (n=14 









20 - 1 2 . 3 5  ± 0 . 4 4 - 1 2 . 3 3  ± 0 . 2 7 - 1 2 . 8 2  ± 0 . 4 1
25 - 9 . 0 6  ± 0 . 8 8 - 8 . 6 9  ± 0 . 7 0 - 1 0 . 0 6  ± 0 . 7 2
30 -2 .11 ± 1 . 1 6 - 2 . 7 4  ± 0 . 9 3 - 5 . 8 9  ± 1 . 2 4
35 1 . 2 5  ± 1 . 3 3 3 . 1 1  + 0 . 8 3 - 0 . 4 5  ± 1 . 3 6
40 5 . 7 1  ± 1 . 4 4 8 . 3 3  ± 0 . 7 9 4 . 0 7  ± 1 . 5 6
45 9 . 7 2  ± 1 . 4 6 1 2 . 8 6  ± 0 . 7 5 8 . 1 9  ± 1 . 7 5
50 1 3 . 5 4  ± 1 . 4 6 1 6 . 7 3  ± 0 . 7 4 1 1 .1 5  ± 2 . 4 8
55 1 9 . 4 6  ± 1 . 2 7 2 0 . 8 3  ± 0 . 6 2 1 9 . 2 7  ± 1 . 1 0
60 2 8 . 8 9  + 0 . 7 7 2 8 . 9 0  ± 0 . 4 5 2 8 . 1 9  ± 0 . 9 3
65 3 6 . 7 1  + 0 . 4 6 3 6 . 7 1  + 0 . 4 2 3 6 . 0 2  + 0 . 4 5
70 3 9 . 9 6  ± 0 . 2 9 4 0 . 9 8  ± 0 . 3 8 3 9 . 2 2  ± 0 . 4 7
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